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Introduction
	As with any crown group, Mammalia is defined by extinction, and comprises all descendants of the common ancestor shared by the three synapsid lineages that happen to exist today: monotremes, marsupials, and placentals. A more inclusive, apomorphy-defined synapsid clade is Mammaliaformes, composed of all descendants of the first synapsid to evolve a functional, squamosal-dentary jaw joint. In addition to Mammalia, Mammaliaformes includes Adelobasileus, Sinoconodon, morganucodonts, docodonts, and haramiyids (see chapters by Angielczyk & Kammerer and Martin, this volume). 
	My goal in this chapter is to outline the crown clade Mammalia, to describe its major constituents, to trace how the core ideas on mammalian evolution and interrelations have developed since the early 20th century, and to summarize how certain fossil groups are related to extant, high-level clades, with an emphasis on Placentalia. Mammalian interrelationships are depicted in Fig. 1 based primarily on overlap across four phylogenetic studies using large samples of data and taxa: Meredith et al. (2011, 36 kilobases of nuclear DNA from 164 mammals), Mitchell et al. (2014, 44 kilobases of mitochondrial and nuclear DNA for 203 mammals), Tarver et al. (2016, 32 megabases of nuclear DNA for 36 mammals, 15.6 kilobases of microRNA for 42 mammals, and reanalyses of datasets from Hallström & Janke 2010, O'Leary et al. 2013, and Romiguier et al. 2013), and Esselstyn et al. (2017, ultraconserved elements from 3787 genes across 100 mammals). These studies are not completely congruent; cases of disagreement (with exceptions detailed below) have been represented with polytomies. Nonetheless, given all of the ways in which these topologies could differ (e.g., 3.37x1049 distinct, rooted, bifurcating trees for the 36 genomically sampled taxa in Tarver et al. 2016), they are very close in overall shape and, I predict, future discoveries will agree far more than disagree with the phylogenetic relationships shown in Fig. 1. 
	It is occasionally convenient to refer to Linnean ranks, for example that the identity of most families and orders has been established since the 19th century, but that interrelationships among orders have been well understood only since the late 1990s. I recognize the biological arbitrariness of Linnean ranks and therefore minimize their use. However, they do have some utility, as evident in the practical, legal framework articulated by the International Code of Zoological Nomenclature (ICZN, 1999). The fact that this code does not apply above the rank of family has led to inconsistency regarding the use of some high level names. Here, I follow Simpson (1945) in arbitrating among such names based on priority and stability, as summarized by Asher & Helgen (2010). On another, practical note, I capitalize taxon names when used as proper nouns and when referring to genera. For example, I capitalize formal cladistic names (e.g., mammals in the genus Homo belong to the clade Primates) but do not capitalize adjectives or common nouns (e.g., the capybara is a hystricognath rodent). Quotes surrounding a high-level taxon indicate that it is not monophyletic (e.g., "Edentata"). 
	Another semantic but important point worth making concerns the use of adjectives like "molecular" and "morphological" to describe phylogenetic trees. One of the key postulates of evolutionary theory is that living things share common ancestry. Tree-diagrams represent this common ancestry, and investigators have used comparative anatomy, embryology, biogeography, intuition, and molecular data to build such diagrams. Broadly speaking, molecular methods have been known since the early 20th century, and encompass immunochemical (Nuttall et al. 1904) and hybridization (Kirsch et al. 1991) techniques, as well as direct comparisons of protein (Zuckerkandl & Pauling 1965) and nucleotide (Irwin et al. 1991) sequences. The ease of applying quantitative methods to compare species, along with the massive quantities of genomic characters with readily defined states, has meant that where available, molecular data have become crucial in establishing the topology and confidence intervals of a given phylogenetic tree. 
	In practice, reference to phylogenetic trees as "molecular" or "morphological" refers to the kind of data used to build them. However, describing a given tree as "molecular" is slightly misleading. It implies that there are multiple phylogenetic trees out there according to data type; indeed, genetic loci often do have different gene trees that explain their history, distinct from the species trees of their host taxa. However, the existence of a single, historical tree (with qualifications about hard polytomies and population-level reticulations) joining all species is not only a key postulate of evolutionary theory, but comprises a prediction that enables evolution to be tested given the expectation that distinct sources of data will generate topologies that converge on the branching patterns of this one tree (Penny et al. 1982; Sober & Steel 2002; Asher this volume). Thus, when authors have the concept of a species tree in mind, the phrase "molecular tree" obscures the expectation of a single, historical pattern. The tree of life is neither "molecular" nor "morphological", although the data used to reconstruct it can be one or both. Stated differently, a phylogenetic species tree is no more "molecular" than a genome is "morphological" when its size is inferred using the morphology of bone cells (Organ et al. 2012). Inferences of tree shape or genome size are biological hypotheses, whatever sources of data are used to make or test them. Therefore, I do not describe a given phylogenetic hypothesis itself as "molecular" or "morphological", but reserve these adjectives for the data behind such hypotheses.
	Finally, I would also like to clarify the terms "basal" and "nested" when describing phylogenetic trees (see also discussion in Bronzati 2017). Specifically, taxa used in a phylogenetic analysis are connected via branches to nodes. Nodes (i.e., bifurcations that connect two branches) may vary in their distance to the root due to branch length and the number of other, intervening nodes. A taxon may be nested, or connected to a node that is separated from the root by many other nodes; another taxon may be basal, or connected to a node with few or no other nodes between it and the root. There is a legitimate concern that by describing a given taxon as "basal", one necessarily implies that it is somehow less evolved and/or more primitive than other taxa. While this may be true for some taxa (e.g., a fossil perissodactyl that existed within one or few generations of the clade's origin), this is difficult to test in most cases. Moreover, and for extant taxa, all branches lead to the present, and regardless of the position of an extant taxon on a phylogenetic tree, it is no less "evolved" than other extant taxa. It is also true that the number of nodes between a given taxon and the root is dependent on sampling, and future discoveries and/or changes in topology may greatly affect the position of a taxon judged to be "basal" in an initial phylogenetic tree. However, these valid points do not change the meaning I intend, namely, that "basal" and "nested" are convenient ways of describing the number of nodes separating a taxon from the root of a given phylogenetic tree. 
	For example, within Xenarthra, cingulates (armadillos and glyptodonts) comprise the sister taxon of pilosans (sloths and anteaters). The genus Dasypus comprises the sister taxon of other cingulates. Based on the phylogenetic hypothesis of Delsuc et al. (2016: fig. 1), there is one node separating the common ancestor of Dasypus from the xenarthran root, and at least two separating other cingulate genera. On this basis, Dasypus occupies a more basal branch than, say, Euphractus. I recognize that this could change if future analysis reveals (for example) more extinct taxa on the branch leading to Dasypus. Nonetheless, the terms "basal" and "nested" still convey useful information about distance to the root as measured by nodes on a given phylogenetic tree.
	To begin this survey I first outline who the major mammalian clades are and present currently well-corroborated hypotheses on their interrelationships. Three papers from 2001 (Murphy et al. 2001a, b; Madsen et al. 2001) demarcate an important shift in the consensus regarding the shape of this tree, in particular regarding its most diverse clade, Placentalia. I describe a number of pre-2001 ideas on mammalian interrelationships, noting which ones have been disproven and which ones are now part of the well-corroborated tree. The bulk of this chapter consists of a review of major extinct radiations and hypotheses as to their affinities to modern groups; it closes with a discussion of hypotheses regarding the temporal dimension of mammalian (and particularly placental) evolution. 
Major extant mammalian clades
Mammalia
	The basal-most branching event within crown Mammalia divides Monotremata (historically also known as "Prototheria") and Theria; the latter in turn comprises Metatheria and Eutheria. The anthropocentrism of early taxonomists led to the Greek prefixes proto ("first"), meta ("after") and eu ("true"), implying a scala naturae. Modern authors generally recognize that no extant group is more evolved than any other (although rates of course vary) and the interpretation of phylogenies as ladders of progress has long been recognized as obsolete (e.g., Baum et al. 2005; Omland et al. 2008). Placental mammals are nonetheless the dominant group in terms of species number and ecological space occupied. While this may be due to geographic factors rather than any intrinsic feature of one clade over another (Sánchez-Villagra 2013), there are over 5000 extant placental mammal species compared to roughly 340 marsupial and five monotreme species, and only placental mammals have evolved powered flight (Chiroptera) and a fully aquatic lifestyle (Cetacea, Sirenia). Marsupialia and Placentalia are the crown groups within Meta- and Eutheria, respectively, with the latter two also including the respective stem taxa of the former two.

Monotremes
	In recent usage (Kielan Jaworowska et al. 2004; Luo et al. 2015; Martin this volume), Monotremata is the crown group encompassing the platypus and echidna, situated within its total-group Australosphenida. Within Monotremata, the two major sister taxa are Ornithorhynchidae and Tachyglossidae. The duck-billed platypus (Ornithorhynchus anatinus) is the only extant species of the former, while the latter comprises the short-beaked echidna (Tachyglossus aculeatus) and three species of long-beaked echidna (Zaglossus spp.). All Zaglossus species are confined to New Guinea and are classified as either vulnerable (Z. bartoni) or critically endangered (Z. attenboroughi, Z. bruijnii) on the IUCN Red List (www.iucnredlist.org).

Marsupials
	Extant marsupials are represented by approximately 340 species from Australasia and the Americas (Sánchez-Villagra 2013). Following Mitchell et al. (2014), the American forms consist of three successively distant, South American sister-groups to the Australasian clade: Dromiciops (monito del monte), followed by didelphids (opossums) then caenolestids (shrew opossums) at the base. Placement of Dromiciops with Australasian marsupials to the exclusion of other South American marsupials in Australidelphia was originally based on skeletal anatomy of the foot (Szalay 1982) and later supported by studies of DNA hybridization (Kirsch et al. 1991). This idea is now widely accepted (Phillips et al. 2006; Nilsson et al. 2010; Mitchell et al. 2014), as is the recognition that Dromiciops is the sole living representative of the formerly more diverse Microbiotheria (Reig 1955; Hershkovitz 1999). Some ambiguity exists regarding the possibility that Dromiciops may nest one or more nodes within Australidelphia, e.g., as sister taxon to diprotodonts (Horovitz & Sánchez-Villagra 2003; Beck et al. 2008; May-Collado et al. 2015) or crownward from peramelians (Asher et al. 2004: fig. 1). Nonetheless, all agree that Dromiciops is part of Australidelphia, and the largest datasets (Meredith et al. 2011; Mitchell et al. 2014) place it as the sister taxon to all Australasian marsupials. 
	Beyond Dromiciops, australidelphian marsupials consist of four major groups: dasyuromorphs (e.g., quolls, thylacines, numbats), notoryctids (moles), peramelians (e.g., bandicoots, bilbies), and diprotodonts (e.g., wombats, kangaroos, phalangers, possums). The former three comprise a monophyletic clade, with dasyuromorphs and peramelians comprising a clade to which notoryctids are the sister taxon. These three groups in turn comprise the sister taxon to diprotodonts, the most speciose of these high-level marsupial clades.

Placentals
	The first edition of Mammals of the World (Walker 1964) listed 17 high-level placental groups on its spine. Of these, "Edentata" and "Insectivora" are polyphyletic (i.e., contain descendants of multiple common ancestors), "Artiodactyla" (excluding cetaceans) is paraphyletic (i.e., does not encompass all of the descendants of a single common ancestor), and Pinnipedia is now understood to comprise a group within caniform carnivorans (Fig. 1). The other 13 high-level taxa described by Walker (1964) remain essentially unchanged, although (as detailed below and shown in Fig. 1) relations among these placental groups are now more confidently resolved than during the 20th century. 
	Extant Placentalia contains four major groups: Xenarthra, Afrotheria, Laurasiatheria, and Euarchontoglires. The former two are collectively known as Atlantogenata, the latter two as Boreoeutheria. While there has been some uncertainty regarding the root of this tree, with some recent analyses favoring either Afrotheria (Gatesy et al. 2017) or Xenarthra (O'Leary et al. 2013) as the basal-most clade, the largest dataset published to date (Tarver et al. 2016 as described above), as well as a recent analysis of rare genomic events (Esselstyn et al. 2017), supports the Atlantogenata-Boreoeutheria division (Fig. 1). 
	Xenarthra as a zoological concept has a long history, although it was grouped among "edentates" (with aardvarks and pangolins) in the older literature. For example, Gregory (1910: 465) used Xenarthra in today's modern sense to unite pilosans (anteaters, sloths) and cingulates (armadillos), but placed other "edentates" (e.g., tubulidentates and pholidotes) close to it in his classification. 
	The core of Afrotheria is Paenungulata (Simpson 1945), i.e., proboscideans, sirenians, and hyracoids. An affinity of paenungulates with other endemic African taxa (e.g., the aardvark) was favored by LeGros Clark and Sonntag (1926) and received support from comparisons of protein sequences (de Jong et al. 1981). Evidence for an endemic African mammal clade joining yet more taxa with paenungulates was published by Springer et al. (1997) and Stanhope et al. (1998). By the early 2000s (e.g., Murphy et al. 2001b), evidence for an Afrotheria consisting of tubulidentates, macroscelidids, tenrecids, chrysochlorids, and paenungulates was strong and received support from analyses (e.g., Asher et al. 2003) beyond the initial molecular biology groups who had originally proposed the clade. 
	Euarchontoglires contains a long-recognized "archontan" core, consisting of primates, dermopterans, and scandentians, but not chiropterans (contra Gregory 1910), hence the prefix "eu" sometimes added to Archonta. In addition, lagomorphs and rodents are sister taxa in the clade Glires and also belong in Euarchontoglires. Ambiguity remains about the position of Scandentia (Arcila et al. 2017), which may be sister to primates and dermopterans (Esselstyn et al. 2017), sister to Glires (Tarver et al. 2016: fig. 2-left), or comprise the basalmost branch within Euarchontoglires (Tarver et al. 2016: fig. 2-right). 
	Laurasiatheria consists of lipotyphlans (i.e., erinaceids, soricids, talpids, and solenodontids) at its base, followed in the largest studies (Tarver et al. 2016) by Chiroptera, then a carnivoran-pholidote clade (Ferae), then a clade consisting of perissodactyls and artiodactyls (Euungulata), with Cetacea nested within Artiodactyla adjacent to hippopotamids. Furthermore, there is support for the paraphyly of microchiropterans, with rhinolophoids forming a close relationship with pteropodids (i.e., Yinpterochiroptera) to the exclusion of other "microbats", or Yangochiroptera (cf. Teeling et al. 2005). Some uncertainty lingers regarding the placement of Chiroptera and Perissodactyla among laurasiatheres and the monophyly of Euungulata (Nishihara et al. 2006), as well as the position of ursids as either sister to pinnipeds (Meredith et al. 2011: fig. 1) or sister to a pinniped-musteloid clade (Fig. 1 and Esselstyn et al. 2017). 


Pre-21st century mammalian phylogenetics
	As discussed previously (Asher, this volume), early naturalists and evolutionary biologists named taxa without intending to articulate natural, monophyletic groups, using names to represent other concepts (e.g., utility to humans or adaptive grade). One may nonetheless use their nomenclature and classifications to measure how ideas about animal groups have changed over time. The basic monotreme-marsupial-placental trichotomy within Mammalia has been phylogenetically and anatomically understood since the 19th century, as have the identities of most ordinal- and family-level groups within each (Table 1). 
	Gregory (1910: figs. 31, 32) figured an evolutionary tree for Mammalia that not only represents this trichotomy, but went further to define Theria to the exclusion of monotremes (Fig. 1). Gregory (1947) later articulated an alternative view that monotremes and marsupials are each others' closest relatives in the taxon "Marsupionta". This idea did not have much traction among most mammalian systematists of the 20th century (e.g., Simpson 1945; chapters in Szalay et al. 1993), but it did garner support from studies of DNA hybridization (Kirsch & Meyer 1998) and studies of individual genes (Janke et al. 2002). This support has effectively been overturned with the analysis of larger datasets and more sophisticated methods. Much to their credit, and comprising a good example of how scientists are willing to alter their views based on novel data and analytical techniques, some of this recent work was undertaken by the same groups who had previously supported "Marsupionta" (e.g., Kullberg et al. 2008). 

Marsupials
	Within marsupials, Gregory (1910:464) named four major groups: "Allotheria" (including multituberculates), Diprotodontia, Paucituberculata, and "Polyprotodontia" (Fig. 2A). His unusual classification of multituberculates as marsupials (1910: 169) is based in part on Gidley's description of the skull of Ptilodus (Gidley, 1909) and its (in Gregory's words) "typically marsupial" possession of an inflected angle of the jaw and palatal fenestrae. Simpson (1945) did not follow this classification and instead placed multituberculates outside of Theria. Gregory's "polyprotodontia" placed didelphids (including microbiotheres) with dasyuromorphs, peramelians, and notoryctids; his Paucituberculata subsumed caenolestids; his Diprotodontia placed phalangeroids with macropodids and vombatiformes. In his figure on the "morphogenetic relations" of marsupials, Gregory (1910: fig. 14) implied that diprotodonts evolved from a "polyprotodont" ancestor, similar in adaptive grade to caenolestids. 
	Simpson (1945: 171) neatly summed up these and other early 20th century ideas on marsupial evolution with the pithy dichotomy of "incisors vs. toes". "Incisors" draws on the resemblance of the anterior, procumbent incisors of caenolestids and diprotodonts, and follows Gregory's belief that the latter evolved from the former. In contrast, Wood-Jones (1925) emphasized pedal structure, in particular the syndactyl digits II-III shared by peramelians and diprotodonts. While these ordinal-level taxa are generally similar to those recognized today (with the notable exception of microbiotheres), neither the "incisors" (i.e., caenolestids and diprotodonts) nor "toes" (i.e., peramelians and diprotodonts) hypotheses on their interrelations accurately captures the now well-corroborated signal. Instead, and as noted above, caenolestids comprise the basal-most marsupial clade, and peramelians are the sister taxon to dasyuromorphs within an Australidelphia that also includes diprotodonts (Fig. 1; see Mitchell et al. 2014).

Placentals
	While classifications of mammals over the past centuries show an increasing level of similarity to the currently well-corroborated tree (Asher, this volume), resolution does not increase at a comparably steady rate. Polytomies, or multiple groups arising from a single node (or placed in a single, high-level taxon), reflect uncertainty and were common throughout the 20th century. None of the 18 classifications or branching diagrams published between 1904 and 1998 sampled by Asher (this volume and Table 2) were fully resolved. The two most resolved classifications were at the beginning (Gregory 1910) and end (McKenna & Bell 1997) of the century. Those in the middle exhibited a slight but not significant trend towards increasing resolution, in contrast to their increasing similarity to the well-corroborated tree (Fig. 3). Gregory (1910) was unusually accurate for his time, and indeed more accurate than some later analyses (e.g., McKenna 1975; Novacek 1992), although other early 20th century studies were not (e.g., Weber 1904; Osborn 1917). Quantifying the similarity of these classifications to the now well-corroborated tree (Fig. 1) using the ratio of actual/potential groups in common (see Asher, this volume), these early 20th century studies ranged from 0.21 to 0.29. At 0.41, Gregory (1910) was an outlier (Table 2). Starting with Cabrera (1922), and with the qualification that Winge (1941) was a posthumous publication of earlier ideas (see Asher, this volume), the remaining mammalian classifications of the 20th century exceeded 0.3, with McKenna & Bell (1997) and Stanhope et al. (1998) at 0.48 achieving the highest ratio of actual/potential groups in common with the well corroborated tree. 
	Stanhope et al. (1998) analyzed phylogenetic signal from three mitochondrial genes (16S & 12SrRNA, valine tRNA) and discussed more taxonomically restricted data from four nuclear loci. Their mitochondrial data are independent of the largely genomic datasets now used to define the well-corroborated tree (Fig. 1). Another, early study of molecular data (Miyamoto & Goodman 1986) achieved an accuracy ratio of 0.36, similar to the cladistic morphology analysis of Novacek (1986), the cladistic classification of McKenna (1975), and the traditional, evolutionary classifications of Romer (1945) and Simpson (1945). 
	The combined breakthroughs in DNA sequencing techniques (e.g., PCR) and accessibility of genetic information (e.g., Genbank) in the late 20th century revolutionized our capacity to collect and evaluate data pertinent to reconstructing the evolutionary tree of life. Leading up to these breakthroughs, early applications of molecular data (such as immunochemistry and comparisons of protein sequences) reflected some key aspects of the now well-corroborated tree, such as cetaceans close to other artiodactyls (Nuttall et al. 1904; Boyden & Gemeroy 1950), humans with Pan and Gorilla to the exclusion of other apes (Sarich & Wilson 1967), aardvarks with paenungulates (de Jong et al. 1981), and a pholidote-carnivoran clade (Shoshani 1986), a group also noted to have morphological support (Rose & Emry 1993). However, these early trees usually lacked a broad taxonomic sample; those that were well sampled were not, on the whole, substantially more accurate than their counterparts based on comparative anatomy, as demonstrated by the similar accuracy scores of Miyamoto & Goodman (1986) with those from Simpson, Romer, McKenna, and Novacek (Table 2). Quantitative analyses of morphology and DNA sequences exhibited an increase in accuracy from the 1980s onward (Fig. 4), leading to the broadly-sampled studies of nuclear DNA that contribute heavily to the well-corroborated tree (Fig. 1). This tree began to take shape in the late 1990s (e.g., Waddell et al. 1999: fig. 1). The studies of Murphy et al. (2001a, b), Madsen et al. (2001), and Scally et al. (2001) were the first to decisively and significantly place the root of Placentalia close to afrotherians and xenarthrans, rather than within rodents or at Erinaceus. 
	During the 20th century, comparative anatomists and evolutionary taxonomists recognized at least some of the now well-corroborated inter-ordinal relationships among mammals. These included scandentians closer to primates than macroscelideans (Simpson 1945), sirenians and hyracoids close to proboscideans (Gregory 1910), pinnipeds among caniforms (Gregory 1910), Glires including both rodents and lagomorphs (Landry 1974), and dermopterans close to primates (Beard 1993). In hindsight, several ideas first proposed based on comparative anatomy (but not necessarily widespread) have turned out to be quite prophetic, such as the affinity of the aardvark (Tubulidentata) to paenungulates (e.g., LeGros Clark and Sonntag 1926) and the basal position of xenarthrans relative to most other placental groups (McKenna 1975). However, other ideas about inter-ordinal relations based in comparative anatomy conflict with the well corroborated tree (Fig. 1), such as "Menotyphla" grouping tupaiids with macroscelidids (Gregory 1910), "Volitantia" joining dermopterans with bats (Novacek & Wyss 1986; Simmons & Quinn 1994), "Insectivora" joining tenrecoids (i.e., chrysochlorids and tenrecids) with lipotyphlans (Asher 1999), "Artiodactyla" excluding cetaceans (Luckett & Hong 1998), inclusion of hyracoids within Perissodactyla (Fischer 1989), and monophyly of "Microchiroptera" including rhinolophoids (Simmons & Geisler 1998). Furthermore, several studies based on comparative anatomy questioned what seems now to be an obvious, close relationship between rodents and lagomorphs, for example by placing rodents closer to primates than lagomorphs (e.g., Patterson & Wood 1982) or lagomorphs close to macroscelidids (e.g., McKenna 1975). Pettigrew (1986) argued for the paraphyly of Chiroptera based on neurological similarities between pteropodids and primates to the exclusion of microchiropterans. This idea was not widely accepted among mammalian systematists at the time (see Simmons et al. 1991). Many 20th century ideas on high-level mammalian systematics were uncertain and disputed at one time or another. The three that did enjoy widespread consensus during the 20th century, and yet turned out to be wrong, were "Volitantia", "Microchiroptera", and "Artiodactyla" excluding cetaceans. 
	Early molecular studies included comparisons of protein sequences (e.g., Miyamoto & Goodman 1986) and isolated mitochondrial genes (Irwin et al. 1991) later expanded into comparisons of mitochondrial genomes (e.g., Arnason et al. 1997; Mouchaty et al. 2000). As noted above, these enabled recognition of several features of the currently well-corroborated tree, but departed from today's consensus (Fig. 1) in one or more important ways. For example, the placental root was variably occupied by branches leading to erinaceid lipotyphlans (Arnason et al. 1997) or a paraphyletic Glires (D'Erchia et al. 1996; Stanhope et al. 1998). Early analyses of primarily nuclear DNA also departed from the now well-corroborated tree in some ways and shared some topological features with mitogenomic studies, e.g., by not placing Tarsius closer to anthropoids than strepsirhines, and by placing anthropoids closer to dermopterans than strepsirhines (Murphy et al. 2001a; Arnason et al. 2002).
	Analyses of coding mtDNA also reconstructed Odontoceti as paraphyletic (Arnason & Gullberg 1994). This peculiar signal has reappeared in some recent, coalescent-based studies of mammalian genomes (e.g., Liu et al. 2017), in which the sperm whale (Physeter) appears closer to minke whales (Balaenoptera acutorostrata) than to other odontocetes. In addition, Liu et al. (2017) place the aardvark (Orycteropus) in a clade with golden moles (chrysochlorids) to the exclusion of tenrecids, and African galagos with Malagasy mouse lemurs (cheirogaleids) to the exclusion of another Malagasy strepsirhine (Daubentonia). As detailed elsewhere (e.g., Springer & Gatesy 2016, 2017; Gatesy et al. 2017), these departures from the well corroborated tree appear to be artefacts of poor alignment and model choice, as well as insufficient searches of treespace for some of the estimated gene trees (cf. Gatesy et al. 2017: fig. 7).




	Much more uncertain than the shape of the extant tree are the affinities of many extinct radiations of mammals (Table 3). Due to the loss of biological data inherent in fossilization (Donoghue & Purnell 2009), our capacity to achieve levels of phylogenetic confidence similar to those known for extant groups is limited, and at least in some cases may be impossible. Genomic DNA has proven to be accessible in recently extinct species (Green et al. 2010) and the amino acid sequences of resilient proteins such as collagen, inferred via mass-spectrometry, may have an even greater potential to shed light on the phylogenetic history of long-extinct species (Buckley 2013; Welker et al. 2015). Furthermore, indirect but nonetheless compelling methods exist to gauge biological features previously thought to be lost with extinction, such as correlations of bone cell with genome size (Organ et al. 2012), genetic patterning of the integument (Schmid 2012), the nature of pigmentation (Wogelius et al. 2011), and perhaps even cellular soft-tissue preservation from Mesozoic theropods (Schweitzer et al. 2016). However, for phylogenetic questions, systematists are usually limited to hard-tissue anatomy (i.e., bones and teeth) to make inferences about placement of fossil taxa on the tree of life. The good news is that, in at least some cases with well-corroborated phylogenies (e.g., primates), fossilizable data are statistically consistent and yield reasonably accurate topologies, particularly when hard-tissue data span multiple anatomical regions (Pattinson et al. 2015). Moreover, even when some metrics of partition heterogeneity are interpreted to show more character-based variation between morphological and molecular partitions than within the latter (Springer et al. 2007; variation which is arguably interpreted as an indication of phylogenetic conflict; see Wheeler 1995 and Gatesy et al. 1999), combination of data from such partitions in a total-evidence context still contributes positively to resolution and support (Gatesy et al. 1999; Lee & Camens 2009; Thompson et al. 2012) and reduces error margins for timetree estimated divergences (Ronquist et al. 2012). 
	In the remaining pages of this chapter I do not try to summarize all groups of fossil mammals, which are better covered elsewhere in this book and in others by (for example) Janis et al. (1998), Kielan-Jaworowska et al. (2004), Kemp (2005), Rose & Archibald (2005), Rose (2006a), Werdelin & Sanders (2010), Wang et al. (2013), Croft (2016), Prothero (2016), and Berta (2017). Instead, I focus on a few major, extinct groups, summarized in Table 3, which have not already been covered in other chapters in this volume. I define a group as "major" when it A) has figured prominently in previous discussions of high-level clade origins, B) has stratigraphic and systematic documentation in the peer-reviewed literature, and/or C) is well documented by both cranial and postcranial remains. Table 4 summarizes the Paleocene and Eocene Asian (ALMA), North American (NALMA), and South American (SALMA) Land Mammal Ages and their approximate correlations to the marine and absolute geological record based on McKenna & Bell (1997) and Cohen et al. (2013), often referred to in the following text.

Stem Marsupialia (Fig. 5)
	G.G. Simpson described opossums (Didelphidae) as a lineage of mammals with a "low rate" of evolution and an independent history from other groups since the Cretaceous. This was based on his characterization of Cretaceous remains of, for example, Pediomys and Alphadon, and early Paleogene remains of Herpetotherium and Peradectes, as "little changed" relative to living didelphids (Simpson 1944:39) and was reflected in his classification of these fossil taxa within Didelphidae (Simpson 1945:41-42). McKenna & Bell (1997) followed this arrangement in part, except for their placement of Pediomys unresolved within Marsupialia. In recent decades, several important discoveries have documented the anatomy of herpetotheriids and peradectids from the North American Paleogene (Sánchez-Villagra et al. 2007a; Horovitz et al. 2009), supporting the interpretation that most or all Paleogene "didelphoids" are in fact metatherians outside of Marsupialia (with the qualification that Horovitz et al. [2009] placed peradectids on the stem to didelphids). In addition, an extraordinary assemblage of Paleocene mammals from Bolivia has further revealed the anatomy of metatherians at that time, including multiple skeletons of individuals representing distinct ontogenetic stages of Pucadelphys andinus (Marshall et al. 1995; LadèvezeLadevèze et al. 2011), as well as skeletal remains of Mayulestes ferox (Muizon 1998). Again, recent phylogenetic analyses generally place these taxa, along with the Mongolian Late Cretaceous taxon Asiatherium (Szalay & Trofimov 1996), on the stem leading to Marsupialia (Asher et al. 2004; Sánchez-Villagra et al. 2007a; Beck 2012; Suárez et al. 2016), with the exception of Maga & Beck (2017) who under some analytical criteria (see their figs. 38 vs. 39) reconstructed Herpetotherium as sister to paucituberculates. Wilson et al. (2016) described a Cretaceous skull of Didelphodon and placed it among other North American metatherians, outside of Marsupialia. However, unlike other recent studies, their analysis (Wilson et al. 2016: fig. 3) placed Dromiciops outside of a herpetotheriid-peradectid-didelphid-dasyurid clade, in part because they did not sample sequence data for extant species. Consistent with a stem position of these fossil metatherians are data on cochlear coiling (Sánchez-Villagra et al. 2007a; Horovitz et al. 2009), which indicate that peradectids (e.g., Mimoperadectes with 2.1 turns) and herpetotheriids (e.g., Herpetotherium with 1.6) exhibit fewer cochlear turns than crown marsupials (e.g., didelphids with at least 2.4). 

Stem PlacentaliaNon-placental Eutheria (Fig. 5)
	Many fossil therians are known from the Cretaceous that are more closely related to extant placentals than to marsupials, such as asioryctitheres (Ukhaatherium, Asioryctes), zalambdalestids (Kulbeckia, Barunlestes, Zalambdalestes) and zhelestids (Zhelestes; see Martin this volume). Here I outline three additional stem placentalsother, potential non-placental eutherians: Leptictis, Protungulatum, and adapisoriculids (the latter in the section on Euarchontoglires). 
	Novacek (1986: 3) characterized Leptictis as an "ideal example of a primitive placental mammal" and wrote at a time when leptictids (including the synonymized genus Ictops as well as Prodiacodon, Palaeictops, and Gypsonictops) were regarded as potential relatives of "erinaceomorphs". Among the best leptictid fossils are skulls and skeletons from the White River Oligocene (Butler 1956; Rose 2006b). Slightly older specimens from the Late Eocene of Wyoming include an in-situ, articulated skull and skeleton, once featured on the cover of Nature (Novacek 1992) and intended to comprise the (never formally named) type specimen of "Frictops emryi". This specimen was stolen from the Smithsonian's Hall of Fossil Mammals on or before 16 November 2006 (http://paleobiology.si.edu/stolen_specimens/). Early and middle Eocene species from Europe, such as Leptictidium (known from flattened but nearly complete skeletons from Messel, Germany) have also been associated with leptictids (Sigé 1974; Rose 2006b; Hooker 2013). Other genera such Prodiacodon and Palaeictops are not as anatomically well known but gnathic remains date to the Early Paleocene (Novacek 1977). Gypsonictops is known from the upper Cretaceous and has also been regarded as a leptictid (Clemens 1973).  
	Phylogenetic affinities of leptictids have varied in studies published over the last two decades. In their analysis of Glires (without sampling afrotherian or laurasiatherian "insectivores") Meng et al. (2003: figs. 75, 76) variably placed Leptictis either close to euarchontans or outside of Placentalia. In Asher et al. (2003: fig. 5B) and Asher (2007: fig. 1) it was unresolved within Placentalia. O'Leary et al. (2013) placed it within Afrotheria. Most other, recent studies placed leptictids outside of crown Placentalia (Wible et al. 2009: fig. 29; Goswami et al. 2011: fig. 1; Beck & Lee 2014: fig. 1; Manz et al. 2015: fig. 2; Halliday et al. 2017: fig. 4). Following Rose (2006b), Leptictis shows a vertebral formula of 7 cervicals, 11 thoracics, 6 lumbars, 4 sacrals, and at least 7 caudals. With just 17 thoracolumbar vertebrae, Leptictis is unusual among mammals. Among extant species, only a few species of pholidotes, hominoid primates and xenarthrans possess fewer than 18 (Sánchez-Villagra et al. 2007b; Asher et al. 2011). Nonmammalian synapsids also exhibit a relatively stable count of dorsal (i.e., thoracolumbar) vertebrae of 20 (Müller et al. 2010). 
	Protungulatum (e.g., P. donnae) is known from gnathic and petrosal remains (Sloan & Van Valen 1965; Orliac & O'Leary 2016), with some postcranial fossils attributed to it based on relative abundance (Szalay et al. 1974; Chester et al. 2015). Protungulatum has been described as the oldest representative of an "ungulate" lineage of crown placental mammals near or before the K-Pg boundary (Van Valen 1969), and was named based on isolated teeth and a left dentary (with p2-m3) from the Bug Creek Anthills of the Hell Creek Formation, eastern Montana (Sloan & VanValen 1965: fig. 6). Material from Bug Creek was originally thought to be upper Cretaceous but has since been regarded as the result of a combination of reworked Cretaceous and lower Paleocene deposition (Fastovsky & Dott 1986; Lofgren 1995). Whatever the age of rocks yielding Protungulatum, reference to dental remains from this or related taxa as "ungulates" or "hoofed mammals" continue to be sporadically made (e.g., Prasad et al. 2007), despite the fact that ambiguity surrounding such folk-taxonomic terms leave these claims without much meaning. 
	A more precise phylogenetic definition of "ungulate" is a member of Euungulata, i.e., artiodactyls (including cetaceans) and perissodactyls (Fig. 1). Indeed, O'Leary et al. (2013) included Protungulatum in a phylogenetic analysis and depicted an optimal tree showing Protungulatum as the sister taxon to exactly this group. In contrast, other quantitative, character-based phylogenetic studies have supported Protungulatum outside of crown Placentalia (Wible et al. 2007, 2009; Goswami et al. 2011; Beck & Lee 2014; Chester et al. 2015; Halliday et al. 2017). Orliac & O'Leary (2016) examined inner ear anatomy based on petrosals from Bug Creek assigned to Protungulatum and observed more features in common with Mesozoic mammals than with euungulates. For example, they observed 1.5 cochlear turns in Protungulatum, fewer than that observed in most extant placental lineages (Ekdale 2013), a result reminiscent of the relatively less-coiled cochleae in non-crown stem metatherians compared to crown marsupials (Sànchez-Villagra et al. 2007a), as mentioned above. Orliac & O'Leary (2016) also pointed out features of Protungulatum held in common with endemic South American notoungulates and litopterns, groups which are in turn possible stem perissodactyls (Welker et al. 2015). With this qualification, the current plurality of evidence supports Protungulatum as a eutherian outside of crown Placentalia.
 
Afrotheria (Fig. 6)
	Paenungulates: As previously described, the major groups of endemic African mammals are tenrecids, chrysochlorids, macroscelidids, tubulidentates and three paenungulate clades: hyracoids, sirenians, and proboscideans. Ocepeia (Gheerbrant et al. 2014) and Abdounodus (Gheerbrant et al. 2016) from the Paleocene of Morocco may illuminate details of the anatomy of the paenungulate common ancestor. While neither is known from associated cranial and postcranial remains, Ocepeia is known from a reasonably well preserved skull, including a cochlea "with at least two turns" (Gheerbrant et al. 2014). Moreover, Gheerbrant et al. (2016) argued that the quadrituberculate upper molars of fossil paenungulates exhibit a key difference from those of euungulates such as perissodactyls. In both groups, the quadrituberculate shape of the upper molars is due to the presence of a distolingual cusp, typically called the hypocone. Occlusal anatomy enables the distinction of two types: a true hypocone derived from the lingual cingulum (present in fossil perissodactyls) and a pseudohypocone derived from the metaconule (present in fossil paenungulates; see Gheerbrant et al. 2016: fig. 9). This is not the first anatomical feature claimed unite most or all afrotherians (Sánchez-Villagra et al. 2007b; Tabuce et al. 2007; Asher & Seiffert 2010), but is a particularly important character as it is more likely to be preserved and recognizable in the fossil record compared to the handful of other, potential afrotherian morphological synapomorphies, including features of the placenta (Mess & Carter 2006), gonads (Werdelin & Nilsonne 1999), development and vertebral formula (Asher et al. 2009, 2011). 
	Proboscidea has the best fossil record among extant afrotherians, followed by hyracoids and sirenians. All three are known from extinct genera that document the piecemeal evolution of living elephants, hyraxes, and sea cows from very different antecedents since the Paleocene. Proboscideans were already diverse in terms of size by the Early Eocene, with forms such as Phosphatherium and Daouitherium from the Early Eocene of Morocco spanning sizes from (respectively) fox to tapir (Gheerbrant et al. 2002). Eritherium is also Moroccan but predates both at ca. 60Ma in age (Gheerbrant 2009). The proboscidean record documents in some detail their mosaic evolution, gradually acquiring the suite of morphological characters for which they are known today, such as an anteriorly situated orbit and vertically oriented coronoid process, loss of posterior incisors and/or canines and consequent appearance of a diastema, a squamosal-bound external auditory meatus, subunguligrade stance, horizontal tooth replacement, loss of permanent premolars, high cranial vault, tetralophodont teeth, and anteroposteriorly compressed, lamellar enamel on their cheek teeth (see Gheerbrant & Tassy 2009; Sanders et al. 2010; Asher 2012). 
	The three genera and four species of extant hyracoids are depauperate compared to the diversity exhibited by their fossil record, which includes bovid- (Rasmussen & Simons 2000) and rhinoceros-like (Schwartz et al. 1995) ecomorphs. During the mid to Late Paleogene this group encompassed at least 14 genera from numerous localities in Africa, western Asia, and southern Europe (Fischer 1992; Seiffert 2007; Rasmussen & Gutierrez 2010). The phylogenetic analysis of Seiffert (2007) supports placement of the geologically oldest taxa (Seggeurius, Microhyrax) from the North African Early- to early-middle Eocene at the base of the hyracoid radiation. These and other fossil hyracoids exhibited some key differences compared to modern forms, such as complete dental formulae including replaced, posterior incisors and canines and relatively brachydont cheek teeth, contrasting with the reduced dental formula (lacking I3-C and i2-c) and high-crowned cheek teeth of modern hyracoids (Gheerbrant et al. 2007; Asher et al. 2017). Such aspects of dental morphology comprise subtle but compelling data points that reflect the morphologically intermediate forms connecting extant hyracoids with the common ancestor shared with other afrotherians.
	Sirenians today comprise just two genera, one inhabiting the tropical margins of the Atlantic (Trichechus) and the other the Indian Ocean (Dugong). A third genus (Hydrodamalis) was known from the northern Pacific until the 18th century. Their fossil record is not as extensive as that of proboscideans, but (again) it does validate one of the key postulates of evolutionary theory: the existence of "transitional forms" (Darwin 1859: 281-282) between living species and the common ancestor they share. For example, the middle Eocene of Jamaica was home to Pezosiren portelli, a basal sirenian with clear adaptations for aquatic herbivory but which possessed a full pelvic girdle and weight-bearing hindlimbs (Domning 2001). "Prorastomids" (including Pezosiren and another Caribbean form, Prorastomus) are hypothesized to consist of paraphyletic relatives of crown Sirenia (Gheerbrant et al. 2005). While the most complete, oldest sirenian fossils are from the Caribbean, there are cranial remains from the middle Eocene of Tunisia, including a petrosal of roughly similar age (near the Ypresian-Lutetian boundary) as the Jamaican Prorastomus. Benoit et al. (2013) describe a number of features shared by this specimen with other sirenians, but argue that it is more primitive than petrosals from other fossil sirenians, consistent with an African origin of Sirenia (Benoit et al. 2013). Also of relevance to demonstrate the antiquity of Sirenia in the southern hemisphere is Eotheroides lambondrano, a dugongid from the middle Eocene of Ampazony, northwestern Madagascar, known from a reasonably well-preserved skull (Samonds et al. 2009). 
	Even with only extant species, the paenungulate trichotomy has proven difficult to resolve. Recent analyses of concatenated nuclear DNA usually favor a hyracoid-proboscidean clade (Meredith et al. 2011: fig. 1; sirenians still lack a genome of sufficient coverage and were not sampled by Tarver et al. 2016). A proboscidean-sirenian clade (i.e., Tethytheria) appears in some of the optimal coalescent topologies figured by Meredith et al. (2011: fig. S8) and in analyses of concatenated DNA and morphology (Asher 2007; O'Leary et al. 2013). Living sirenians share with proboscideans an unusual feature of the middle-inner ear: persistence of the perilymphatic duct rather than a foramen rotundum (Fischer 1990). This had been thought to be consistent with Tethytheria, along with the hypothesized aquatic habits of at least some Paleogene proboscideans (Liu et al. 2008). However, fossil sirenians (Prorastomus) and proboscideans (Phosphatherium) appear to differ from their living relatives in retaining a foramen rotundum (Court 1992; Gheerbrant et al. 2005), thereby implying independent evolution of this character, although not necessarily independent evolution of the developmental program leading to its appearance in adults (see Saether 1979). 
	Desmostylia is another, diverse aquatic group known from Oligocene-Miocene deposits around the northern Pacific rim often hypothesized to be related to one or more paenungulates. Well preserved skeletons are known (e.g., Palaeoparadoxia , Desmostylus, Cornwallia, Behemotops) and hypotheses on their phylogenetic affinities include Afrotheria (Asher et al. 2003; Gheerbrant et al. 2005), corresponding to the widespread, historical view that desmostylians are closely related to sirenians and proboscideans (Reinhart 1953; McKenna & Bell 1997). Another possibility is a close relationship with anthracobunids, an extinct group from the Paleogene of south Asia. Anthracobunids have in turn been hypothesized as stem relatives of either Euungulata (i.e., perissodactyls and artiodactyls [including cetaceans]; see Asher 2007: fig. 1) or Perissodactyla (Cooper et al. 2014; Rose et al. 2014). An affiliation of desmostylians and anthracobunids with one or more euungulate groups is biogeographically appealing (Beatty & Cockburn 2015; Santos et al. 2016), as desmostylians are known solely from the Pacific Rim, corresponding to the extensive Asian record of euungulates (Rose et al. 2014). This contrasts with the western Tethyean record of the earliest paenungulates (Gheerbrant et al. 2014, 2016). 
	Embrithopoda consists of large, graviportal mammals from the Paleogene of north Africa, southeastern Europe and Asia (Erdal et al. 2016). Taxa such as Arsinoitherium are known from reasonably complete skeletal remains and have long been regarded to be related to one or more paenungulates, including hyracoids (Andrews 1906) and proboscideans (Court 1992; McKenna & Bell 1997; Asher et al. 2003; Asher 2007). Phylogenetic analyses of Seiffert (2007) and Cooper et al. (2014) suggested a stem sirenian placement for embrithopods. Such a placement fits with Court (1992: 23-24) who noted that, like extant proboscideans and sirenians (and given the qualification of the distribution of this character in fossils of these groups noted above), Arsinoitherium likely exhibited a persistent perilymphatic foramen and consequent loss of the fenestra rotundum. Unlike desmostylians, recent studies of the anatomy and systematics of embrithopods have not yet suggested substantial revisions to their long-supposed phylogenetic affinity to other endemic African taxa, a fact concordant with their largely Tethyan distribution.

	Non-paenungulates: Among the remaining extant afrotheres (macroscelidids, tubulidentates, tenrecids, chrysochlorids), macroscelideans or sengis have the best fossil record, which dates to the middle Eocene of North Africa and includes genera such as Chambius, Nementchatherium, and Metoldobotes (Tabuce et al. 2001, 2017; Seiffert 2007). These are primarily known from craniodental remains, but some postcranial elements are also known and demonstrate anatomical features such as the concave cotylar facet of the astragalus (Tabuce et al. 2007), possibly present in the afrotherian common ancestor. This feature is present in non-African taxa, notably the "condylarths" Apheliscus and Haplomylus from the Early Eocene of the North American western interior (Zack et al. 2005; Hooker & Russell 2012), perhaps indicative of holarctic incursions of one or more afrotherian lineages, or even an origin of afrotherians from a common ancestor shared with one or another laurasian group, such as apheliscines (Zack et al. 2005; Penkrot et al. 2008). Again, a possible alternative concerns the possible affinities of one or more louisinid "condylarths" with stem perissodactyls, not afrotherians such as macroscelidids (Cooper et al. 2014). 
	Plesiorycteropus madagascariensis and P. germainepetterae comprise the "Malagasy aardvark", an anatomically well documented taxon from the Holocene of Madagascar (MacPhee 1994), now also known by collagen protein sequences (Buckley 2013). Plesiorycteropus is perhaps the only fossil mammal that is amply represented by remains of most skeletal elements, but no teeth or jaws (MacPhee 1994: table 1). In fact, even the location of the craniomandibular joint on the Plesiorycteropus skull has been a subject of debate; the first two monographs on the taxon (Lamberton 1946, Patterson 1975) disagreed on its position; the most recent and comprehensive monograph places the glenoid fossa for the dentary "rostromedial to the root of the zygomatic arch of the squamosal" (MacPhee 1994: 66), in partial agreement with Lamberton (1946). Debate about a structure that is usually obvious in mammals is not surprising given that Plesiorycteropus was a myrmecophage; its skull completely lacks teeth and evidently had a very reduced jaw which did not leave much of a myological or synovial impression on its skull. 
	Although Plesiorycteropus is well-known anatomically and was comprehensively described and illustrated by MacPhee (1994), with further details of its inner ear now also known (Benoit et al. 2015), it has remained difficult to place phylogenetically. MacPhee (1994) represented this uncertainty by erecting a new high-level taxon for it (Bibymalagasia), and unlike the previous monographic study (Patterson 1975), argued that it was not an obviously close relative of the extant aardvark (Tubulidentata). Comparisons of its collagen amino acid sequences (Buckley 2013) have validated MacPhee's skepticism of previous hypotheses and pointed in a previously unsuspected phylogenetic direction: Plesiorycteropus apparently has collagen sequences most similar to those of Malagasy tenrecids. Given the diverse radiation of subfossil Malagasy primates, it should not be surprising to find yet another niche of the Malagasy fauna vacated as a result of extinction, so a tenrecid myrmecophage remains the most compelling, current hypothesis for the evolutionary affinities of Plesiorycteropus.
	Extant radiations of insectivoran-grade afrotherians consist of Chrysochloridae (golden moles) and Tenrecidae (tenrecs). Unfortunately, neither group has a particularly good fossil record, although the material described by Pickford (2015a, b, c) promises to change this. The first of these three adjacent publications in a single volume of the Communications of the Geological Survey of Namibia reports an isolated lower molar interpreted to be a chrysochlorid from "Black Crow", a locality from southwest Namibia, arguably Lutetian (middle Eocene) in age. Pickford (2015b, c) makes the case that associated, well preserved skeletal associations of both chrysochlorids (Namachloris Pickford 2015b) and potamogaline tenrecids (Namagale, Sperrgale, Arenagale Pickford 2015c) are present at "Eocliff", a locality interpreted to sample the Bartonian (late-middle Eocene) of Namibia. The figures in two of the articles (Pickford 2015b, c) are sufficiently clear to demonstrate not only that these fossils qualify as fossil tenrecs and golden moles, but also that they are well preserved and more complete than any previously known tenrec or golden mole fossil. However, further peer-review of these data would require more justification for the age assignments as well as some kind of phylogenetic analysis. The faunal list from "Eocliff" (Pickford 2015b:161) is suggestive but consists of just two birds, eight rodents, and several vaguely identified primates and afrotheres. Hopefully further, quantitative assessments of the stratigraphy, paleomagnetism, radiometrics, as well as paleobotanical and faunal similarity to other African localities are in the works to better understand this important assemblage.
	Reports of fossil tenrecs and golden moles have appeared sporadically in the literature for many decades (Broom 1941, 1948; Butler 1984; Mein & Pickford 2003; Asher & Seiffert 2010) and with a few exceptions are confined to largely Neogene exposures from Namibia, South Africa, and the margins of Lake Victoria in east Africa. Seiffert et al. (2007) made the case that both tenrecids and chrysochlorids are represented by gnathic remains from near the Eo-Oligocene boundary at the Fayum, Egypt. Asher & Avery (2010) reported associated, but much younger, cranioskeletal remains of Chrysochloris arenosa and C. bronneri from the Early Pliocene of Langebaanweg, South Africa. Based on relative abundance, both are known from skull and postcranial elements. Furthermore, C. arenosa shows anatomical evidence for an ecology quite different than that of the living Cape golden mole, C. asiatica. The ratio of humeral length to distal width in C. arenosa is substantially larger than in C. asiatica and similar in proportion to the extant Eremitalpa granti, known for its "sand-swimming" habitat in which (unlike other extant chrysochlorids) it does not construct durable burrows (Fielden et al. 1990). Cranially, C. arenosa is very similar to the modern C. asiatica; C. bronneri, in contrast, shows a very robust anterior lower incisor and has a smaller length/distal width ratio of its humerus. This is still larger than C. asiatica but overlaps in proportion to that of the modern (and endangered) Neamblysomus julianae. 

Xenarthra (Fig. 6)
	Folivorans: All of the three major, extant groups of xenarthrans are represented in the fossil record of the Americas: folivorans (sloths & ground sloths), vermilinguans (anteaters), and cingulates (armadillos & glyptodonts). The extinct diversity of all three groups from the Eocene onward is considerable and demonstrates, for example, that the two extant genera of sloths, Choloepus and Bradypus, likely did not share a common ancestor with the same, arboreal, suspensory habitat. Rather, mylodontid ground sloths are more closely related to modern Choloepus, and nothrotheriid sloths are more closely related to Bradypus, than Choloepus and Bradypus are related to each other (Patterson & Pascual 1968; Slater et al. 2016). Extinct diversity within Folivora does not just relate to their body size, but also their habitat; aquatic adaptations unknown in extant sloths are notable in Miocene-Pliocene remains of taxa such as Thalassocnus (e.g., Muizon & McDonald 1995; White & MacPhee 2001; Amson et al. 2014). The oldest records of folivorans date to the early Oligocene of Patagonia and Chile (McKenna et al. 2006).

	Cingulates: Glyptodonts are similarly part of the now extinct megafauna that, like ground sloths, are phylogenetically within the cingulate crown radiation. Delsuc et al. (2016) recovered a mitochondrial genome from fossils of the upper Pleistocene glyptodont Doedicurus and found that it is related to extant chlamyphorines and tolypeutines to the exclusion of dasypodines and euphractines, in partial congruence to recent analysis of living and fossil cingulate morphology (Billet et al. 2011), as well as the lack of diphyodonty in living and fossil xenarthrans except for dasypodines (Ciancio et al. 2012). As noted above, armadillos in the genus Dasypus have been reconstructed at or near the base of Cingulata in studies of both anatomy and molecular biology over the last decade (e.g., Delsuc et al. 2004, 2016; Gaudin & Wible 2006). Hence, neither the loss of functional, deciduous teeth in folivorans (Hautier et al. 2016) and most cingulates, nor the loss of all teeth in vermilinguans, would have characterized the xenarthran common ancestor, which likely resembled dasypodines in retaining functional diphyodonty (Ciancio et al. 2012). 

	Vermilinguans: Of the three extant groups, vermilinguans (anteaters) have the least abundant fossil record, which dates to the Early Miocene (Carlini et al. 1992). To date, and in contrast to cingulates and folivorans, fossil vermilinguans do not depart substantially from the ecology of their extant relatives. They too are edentulous, myrmecophage specialists, and within the size range of their extant relatives (Gaudin & Branham 1998), ranging from under 1kg in the arboreal Cyclopes to over 40kg in the terrestrial Myrmecophaga. Among the more noteworthy discoveries alleged to pertain to the evolution of vermilinguans is Eurotamandua from the middle Eocene (Lutetian) of Messel, Germany, first named by Storch (1981) and described by Storch & Habersetzer (1991) as a vermilinguan closely related to the extant Myrmecophaga. If true, this record would not only be the oldest, but also would comprise the only occurrence of a xenarthran outside of the Americas and Antarctica. However, subsequent analyses (Gaudin & Branham 1998; Szalay & Schrenk 1998; Rose 1999; Rose et al. 2005) have made a strong case that Eurotamandua is not closely related to any xenarthran, but is instead a close relative of extinct palaeanodonts, and in turn likely related to pholidotes (Laurasiatheria).

Afrotherian and xenarthran origins
	The analysis of retroposons by Nishihara et al. (2009) supported near-simultaneous divergence of Placentalia into Afrotheria, Xenarthra, and Boreoeutheria (i.e., Euarchontoglires and Laurasiatheria). More recent studies by Tarver et al. (2016) and Esselstyn et al. (2017) divide Placentalia into Atlantogenata (Afrotheria and Xenarthra) and Boreoeutheria. All indicate that it is reasonable to look to southern continents, and the tectonic events that formed them, to gain insight into the afrotherian and xenarthran common ancestors. Several studies have argued that vicariance between Africa and South America prior to 100Ma ago comprised the mechanism by which the earliest branching events within Placentalia took place (Murphy et al. 2001b; 2007; Nishihara et al. 2009). Such vicariance would necessitate a divergence date between Afrotheria and Xenarthra of at least 100Ma, after which time the South Atlantic separated the African and South American landmasses (see section below on "Mammalian Divergences" and Scotese 2001). However, divergence estimates over 100Ma are based on smaller datasets than, for example, those of Dos Reis et al. (2012), Tarver et al. (2016), and Wu et al. (2017) who estimated the common ancestor of Afrotheria and Xenarthra, and of Placentalia as a whole, to be closer to 90 million years in age, with the older 95% confidence limit for Atlantogenata estimated by Tarver et al. (2016: table 6) to be 96.5Ma. These younger divergence estimates indicate that the South Atlantic was already open, separating Africa and South America, before southern-hemisphere Placentalia began to diversify in the early part of the Late Cretaceous, and therefore that the divergence of afrotherians and xenarthrans was not driven by continental vicariance. A relatively narrow South Atlantic between 83-96 Ma (Scotese 2001) thus likely played an important role as a dispersal filter between populations that subsequently gave rise to Xenarthrans and Afrotherians.  
	However old the divergence between Afrotheria and Xenarthra is, the case is strong that the two group share common ancestry (Tarver et al. 2016). Asher et al (2009: 859) speculated that patterns of dental eruption shared among afrotherians (Asher & Lehmann 2008) might also be found among meridiungulates (i.e., notoungulates, litopterns, and xenungulates). Although relatively late eruption is present in the only extant clade of diphyodont xenarthrans (Dasypus; see Ciancio et al. 2012), persistence of the milk dentition well after attainment of adult body size has since been ruled out for Oligocene and Miocene notoungulates (Billet & Martin 2011) and Neogene litopterns (Lobo et al. 2017) for which growth series are known. Collagens from upper Pleistocene representatives of Toxodon (Notoungulata) and Macrauchenia (Litopterna) bear a greater resemblance to perissodactyls than afrotherians (Welker et al. 2015), as does the mitochondrial genome of Macrauchenia (Westbury et al. 2017). However, a combination of collagen sequences with nuclear DNA and morphology cannot rule out other possibilities such as sister to euungulates (Carrillo & Asher 2017). The enamel microstructure of the Late Paleocene xenungulate Carodnia also exhibits similarities to perissodactyls (Bergqvist & von Koenigswald 2017), but unlike litopterns and notoungulates, Carodnia does not belong to a high-level taxon sampled for any biomarkers. Cladistic analysis of its skeletal morphology usually places it among afrotherians, within or near paenungulates (O'Leary et al. 2013; Carrillo & Asher 2017), although the study of Muizon et al. (2015) suggests a possible link between Carodnia and laurasiatheres via another extinct group, pantodonts (see section below on Laurasiatheria). Stem afrotherians remain elusive, although some taxa already known from the North African Paleocene may prove informative (Gheerbrant 2014, 2016).
	Unambiguous, stem relatives of Xenarthra also remain unknown. One recent result, without precedent, is the unconstrained, Bayesian analysis of taxa sampled by Carrillo & Asher (2017: fig. 11), which placed the middle Eocene notoungulate Thomashuxleya from Canyadon Vaca, Chubut Province, Argentina (Vacan subage of the Casamayoran, likely to be ca. 45Ma or Lutetian in age) on the xenarthran stem with a posterior probability of 0.62. When constrained as monophyletic with the other sampled notoungulate, Toxodon (known for collagen amino acid sequences from Welker et al. 2015), both appear with litopterns and Didolodus on the stem to Perissodactyla, as originally hypothesized by Welker et al. (2015) based on the collagen data alone. An unconstrained Bayesian result with a support value of 0.62 is not a solid basis to propose that one or more notoungulates are actually stem xenarthrans, but it does underscore the importance of seriously considering unorthodox possibilities for groups such as notoungulates with cranioskeletally well-known fossils dating to the early Paleogene. 

Euarchontoglires (Fig. 7)
	Euarchonta. Several phylogenetic studies of the last two decades support the inclusion of multiple extinct mammal groups within Euarchontoglires, such as carpolestids, plesiadapids, paromomyids, micromomyids, microsyopids, and Purgatorius, on the stem leading to primates (Bloch et al. 2007, 2016; Chester et al. 2015). Historically, most of these groups have at one time or another been collectively referred to as "Plesiadapiformes" and are regarded by Bloch et al. (2007, 2016) as paraphyletic sister taxa to Primates. Discoveries in the North American western interior, in particular the Late Paleocene of Wyoming (Bloch & Boyer 2002; Bloch et al. 2007) have shown that, for example, the plesiadapoid genus Carpolestes exhibits similarities to primates such as a petrosal auditory bulla enclosing the middle ear and a nail (rather than claw) on the first pedal digit (Bloch et al. 2007: fig. 5). Purgatorius is known from older, Early Paleocene (Puercan) exposures in eastern Montana. Based on size and relative abundance, Chester et al. (2015) associated tarsal bones with dentitions for this taxon. Like arboreal primates, but unlike the coeval Protungulatum, Chester et al. (2015) observed that Purgatorius exhibits a highly flexible ankle joint, with an astragalar trochlea (for articulation with the distal tibia) that grades onto its astragalar neck, and an elongate ectal facet and large peroneal tubercle on its calcaneus. If the phylogenetic assessment of Chester et al. (2015; see also Beck & Lee 2014) is correct, Purgatorius would represent the geologically most ancient representative of Euarchontoglires, pre-dating other contenders such as Asian mimotonids from the Paleocene Nongshanian ALMA (Asian Land Mammal Age; see Table 4) and Paromomys from the Torrejonian NALMA (North American Land Mammal Age; see Benton et al. 2015: 69-70). 
	Another long-enigmatic group with proposed affinities to one or more "archontan" grade mammals are adapisoriculids, known from Paleogene deposits of Europe (Storch 2008; Smith et al. 2010), Africa (Gheerbrant 1995), as well as upper Cretaceous deposits of the Indian subcontinent (Boyer et al. 2010; Goswami et al. 2011). North American (Manz & Bloch 2015) and European (Hooker 2001) nyctitheriids have also on occasion been associated with adapisoriculids, and they have been taxonomically placed either with extant lipotyphlans (Rose et al. 2012; discussed further below) or chiropterans and euarchontans (Hooker 2001). Only a few species of these extinct groups are known from both dental and postcranial remains; these include the adapisoriculids Deccanolestes (Boyer et al. 2010; Goswami et al. 2011), Bustylus, Afrodon (Smith et al. 2010), and the nyctitheres Plagioctenodon (Manz et al. 2015) as well as remains tentatively assigned to Cryptotopos by Hooker (2001). 
	Of key importance is the upper Cretaceous, Indian material of Deccanolestes. Isolated forelimb and pedal remains were associated with dentitions by Boyer et al. (2010), who interpreted this genus to have a close common ancestry with euarchontans, i.e., scandentians, dermopterans, and primates; this reflects other analyses of adapisoriculid fossils by Storch (2008) and Smith et al. (2010). Among the distal humeral similarities of Deccanolestes with some euarchontans, Boyer et al. (2010: fig. 4) noted a deep zona conoidea, a raised lateral trochlear ridge, and a spherical capitulum. If these features actually represent euarchontan-Deccanolestes synapomorphies, this Cretaceous taxon would be the only crown placental mammal known from the Mesozoic. As noted above, an origin of Placentalia prior to the K-Pg boundary is supported by molecular clock studies (e.g., Dos Reis et al. 2012; Tarver et al. 2016), as well as paleontological analyses over many decades (e.g., Simpson 1944; Benton et al. 2009, 2015; but see O'Leary et al. 2013). Nonetheless, to date, and accepting that they likely existed for at least some time prior to the K-Pg boundary since an accurate paleontological record is necessarily a minimum divergence estimate, previous claims for identifying actual Mesozoic representatives of crown placental lineages have so far been refuted (Asher et al. 2005; Wible et al. 2007, 2009; Beck & Lee 2014). 
	The phylogenetic study of Goswami et al. (2011) incorporated data from Boyer et al. (2010) into a comprehensive phylogeny also including an additional adapisoriculid, Afrodon, several Mesozoic eutherians, and living and fossil representatives of Xenarthra, Afrotheria, Euarchontoglires, and Laurasiatheria. Goswami et al. (2011: fig. 1) placed Deccanolestes and Afrodon in a clade outside of Placentalia, and reinterpreted the similarities of adapisoriculids with euarchontans as homoplasies resulting from a shared habitat. Some of the anatomical features of adapisoriculids that exclude them from crown Placentalia include lack of a metacone in the last premolar, presence of a preparacrista connecting stylocone to paracone, and a plantar pit on the calcaneo-cuboid facet (Goswami et al. 2011: table S2). As in Goswami et al. (2011), Beck & Lee (2014) and Manz et al. (2015) also recovered Deccanolestes and Afrodon outside of crown Placentalia. 

	Glires. Following Meng et al. (2003), taxa such as Rhombomylus are eurymylids best known from the Early Eocene of central Asia, include older taxa such as Heomys dating to the Paleocene, and are phylogenetically on the stem to Rodentia (Meng et al. 2003: fig. 74). Asher et al. (2005: fig. 3) and O'Leary et al. (2013: fig. 1) differed in reconstructing eurymylids on the stem to lagomorphs. All recent studies favor a position of eurymylids and mimotonids, which include anatomically very well documented genera such as (respectively) Rhombomylus and Gomphos, as more closely related to extant glires (i.e., rodents and lagomorphs) than any other extant group. Rhombomylus exhibits a single pair of enlarged, ever-growing central incisors in both upper and lower jaws, with enamel concentrated along the incisors' anterior surface. Gomphos also exhibits such gliriform incisors, but has an additional pair of incisiforms in the premaxilla behind the anterior, central incisors, similar to but larger than the I3s of modern lagomorphs. Gomphos also exhibits an elongate pes, a relatively narrow calcaneus, and separate sustentacular and navicular facets on its astragalus. Both Rhombomylus and Gomphos show a diastema separating their incisors from the cheek teeth, as in all modern Glires. 
	Silcox et al. (2010) presented a novel interpretation of a long-enigmatic group of mammals, apatemyids, known from both skulls and postcranial from the Paleogene of North America and Europe (Jepsen 1934; von Koenigswald et al. 2005, 2009). Apatemyids are remarkable for their procumbent, lower central incisors and elongate manual digits II and III, interpreted as adaptations for hunting wood-boring insects in an arboreal context (von Koenigswald et al. 2005), as in the living diprotodont marsupial Dactylopsila and strepsirhine primate Daubentonia. Using new data from well-preserved skulls of Labidolemur kayi from the Clarkforkian NALMA (Late Paleocene, Wyoming; Table 4), along with additional cranial and postcranial data from other taxa and the literature, Silcox et al. (2010) tested the affinities of apatemyids with a broad range of other mammals (34 taxa in total) sampled for 240 morphological characters. Their analysis (Silcox et al. 2010: fig. 17) placed all six apatemyid genera with the eurymylid glires taxon Rhombomylus; the apatemyid-glires clade in turn formed the sister group of a euarchontan (i.e., tupaiid-dermopteran-plesiadapiform-primate) clade. Apatemyids share with Rhombomylus and other glires contact between the premaxilla and frontal and the maxilla and frontal; these similarities are not unique but nonetheless optimize as shared-derived characters for apatemyids-glires on the optimal topology of Silcox et al. (2010: fig. 17). 

Laurasiatheria (Fig. 8)
	Lipotyphla. This group consists of hedgehogs and moonrats (Erinaceidae), shrews (Soricidae), moles (Talpidae), and solenodons (Solenodontidae, including the recently extinct Nesophontes; see Brace et al. 2016). As originally proposed by Haeckel (1866), it also included endemic African tenrecids and chrysochlorids, now known to be part of Afrotheria, and was cognate to the "Menotyphla", containing scandentians and dermopterans. An idea sometimes credited to Huxley (1880) is that "insectivorans" represent an adaptive grade similar to that characteristic of the placental, and indeed mammalian, common ancestor: small-bodied, insectivorous, and possibly nocturnal (Kemp 2005). In fact, as reviewed by Wyss (1987), Huxley (1880) actually viewed mammalian origins in a way that would today be regarded as polyphyletic, with various extant groups (primates, rodents, proboscideans, etc.) each having an independent origin from non-mammalian ancestors. The idea of extinct "Insectivora" occupying a "central position", and containing the common ancestor from which placental mammals evolved, is more accurately attributed to Matthew (1909) and was echoed by subsequent authors such as Butler (1972) and in discussions on certain taxa such as Leptictis dakotensis (see section above on "stem Placentalianon-placental Eutheria" and Novacek 1986). 
	This historical tangent is relevant to Laurasiatheria because of one of the more consistent phylogenetic results over the last two decades is that Lipotyphla (sometimes called Eulipotyphla, including erinaceids, soricids, talpids, and solenodontids) comprises the sister group to all other laurasiatheres (Murphy et al. 2001a, b; Roca et al. 2004; Asher 2007; Meredith et al. 2011; Tarver et al. 2016). Living groups are obviously not ancestors of other living groups, but the (arguable) implication of the "central position" hypothesis applied to Lipotyphla is that its evolutionary branch may have exhibited relatively less phenotypic change than branches leading to other laurasiatheres. Numerous fossil groups assigned to one or more lipotyphlans are known and may shed light on the nature of the laurasiatherian common ancestor. 
	As noted in the preceding section on Euarchontoglires, Hooker (2001) interpreted tarsal remains of nyctitheriids from the Eocene of southern England (tentatively assigned to Cryptotopos) as related to one or more archontan groups, i.e., primates, scandentians, and dermopterans. Manz et al. (2015) described associated cranial and postcranial remains from a relatively more complete, Paleocene nyctithere genus: Plagioctenodon from the upper Paleocene (Clarkforkian NALMA; Table 4) of Wyoming. Rather than affinities to primates, optimal phylogenetic trees from Manz et al. (2015: fig. 2) recover Plagioctenodon and another nyctitheriid, Leptacodon, in a clade with the Paleogene fossils Adunator and Macrocranion, in turn sister to crown Lipotyphla. Their results furthermore place the early Paleogene fossils Eoryctes (Wyoming) and Todralestes (Morocco) as successively distant sister taxa to the Caribbean Solenodon, within crown Lipotyphla. Macrocranion is known from well-preserved skeletal fossils from the middle Eocene of Messel (Germany) and has long been regarded as an erinaceomorph along with Pholidocercus, also from Messel and also known from relatively complete but flattened skeletons (von Koenigswald et al. 1992). Manz et al. (2015: fig. SI3) identify seven dental, 10 cranial, and five postcranial features that optimize as shared-derived characters of Lipotyphla including nyctitheriids, such as an infraorbital foramen dorsal to the ultimate premolar, a delicate or incomplete zygomatic arch containing a jugal bone, and a deep groove for the fibular flexor tendon on the astragalus. 
	Lopatin's (2006) comprehensive and well-illustrated monograph on the diversity of "insectivoran" craniodental fossils from Asia summarizes decades of fieldwork from Paleocene and Eocene deposits in Mongolia, Kazakhstan, and Kyrgyzstan and reviews the literature on many other localities. He included detailed illustrations of many jaws and teeth, plus a relatively complete skull of Archaeoryctes euryalis from near the Paleocene/Eocene boundary at Tsagan Khushu, Mongolia (Lopatin 2001). Lopatin (2006) also described dental eruption sequences and postcrania of Eocene-Oligocene didymoconids (Lopatin 2006: S308 and fig. 41). Archaeoryctes euryalis is a didymoconid, intuited by Lopatin to be a sister taxon of "Insectivora" (Lopatin 2006: fig. 60). Like Manz et al. (2015), Lopatin (2006) also regarded nyctitheriids as more closely related to lipotyphlans than primates, but differed from Manz et al. (2015) in proposing that nyctitheriids were crown lipotyphlans, more closely related to soricids than to other extant groups. 
	Some of the phylogenetic implications of Lopatin (2006) are anachronistic, e.g., in classifying insectivoran-grade species from Afrotheria and Laurasiatheria together in polyphyletic, high-level taxa. Nonetheless, the promise of recovering additional cranial and postcranial remains (e.g., Lopatin 2006: plate 10) of the important taxa discussed in his monograph (e.g., anagalids, didymoconids, micropternodontids, palaeoryctids, cimolestids), will help test if and how these groups are related to extant insectivoran-grade species in Laurasiatheria and Afrotheria. For example, apternodonts are a rare but geographically widespread group known from Eocene to Oligocene exposures in North America and Asia that possess "zalambdodont" cheek teeth, i.e., with crowns resembling the Greek letter "lambda" in occlusal view with the main lingual cusp composed of the paracone. Among placental mammals, Afro-Malagasy tenrecoids and the Caribbean Solenodon also exhibit such teeth (Asher & Sánchez-Villagra 2005). Reports of Paleocene North American apternodonts exist (e.g., Edinger 1964), but scrutiny of such specimens indicates that they are not closely related to the middle and upper Eocene North American genera, Apternodus and Oligoryctes (Asher et al. 2002). Lopatin (2006:fig. 58) figured a Paleocene record for apternodonts in his review, but the asiapternodontids he described are limited to middle Eocene localities from China and Mongolia (Lopatin 2006: table 6) and it is unclear which (if any) specimens comprise Paleocene apternodonts. 
	Nonetheless, both Lopatin (2006) and Asher et al. (2002) agreed with the view articulated by McDowell (1958) that dental zalambdodonty exhibited by living tenrecids and chrysochlorids is not homologous to that of Solenodon. Asher et al. (2002) and Lopatin (2006) also agreed that apternodonts and Solenodon are more closely related to extant soricids than to Afro-Malagasy tenrecoids. If true, one would expect future discoveries of apternodont cranioskeletal fossils to resemble laurasiatherian lipotyphlans, such as solenodontids and soricids, rather than afrotherians, such as tenrecids. Skulls of North American apternodonts are already known to exhibit shrew-like features, such as the pocketed coronoid process of the dentary in Oligoryctes and an enlarged piriform fenestra in the roof of the middle ear (Asher et al. 2002; also present in Solenodon). Once adequate material is known, one would expect (given closer phylogenetic affinities to lipotyphlans than tenrecoids) apternodonts to erupt most or all their permanent teeth before attainment of adult size, not after as in many afrotheres (Asher & Lehmann 2008). Another expectation for well-preserved fossil Lipotyphla (but not Afrotheria) would be a lumbar vertebral count not exceeding six or a thoracic count under 16, as opposed to seven (lumbar) or over 17 (thoracic), as often found among afrotherians (Sánchez et al. 2007; Asher et al. 2011). Neither phenotype alone would be sufficient to demonstrate phylogenetic affinity to Lipotyphla; as noted previously, thoracolumbar counts of 19-20 are widespread throughout mammals. However, combined with features from (for example) the ear region, jaw, and dentition, they comprise a limited set of characters parsimoniously expected to have been present in extinct, lipotyphlan laurasiatheres.
	Matthew (1909: plate LI, fig. 4) figured a well-preserved skull of Proscalops from the Bridger Basin, Wyoming (Early Eocene). Proscalopids are rare but are known from reasonably complete cranioskeletal remains, from the Eocene Proscalops to the Miocene Mesoscalops (Barnosky 1981), both from the North American western interior, as well as more fragmentary specimens from the Oligocene of central Asia (Geisler 2004). The general shape of the Proscalops and Mesoscalops skull greatly resembles those of fossorial chrysochlorids, palaeanodonts, notoryctids, and the Miocene dryolestoid Necrolestes (Rougier et al. 2012; O'Meara & Thompson 2014), all of which dig with parasagittal motions of their forelimbs, using the head as an accessory digging instrument (Rose & Emry 1983: fig. 16). This mode of fossoriality is distinct from the "lateral scratch" method of extant talpine and scalopine talpids (Yalden 1966). Hyperfossorial talpids have a more gracile skull, not directly utilized for digging, and furthermore depend on an enlarged teres major muscle to rotate the humerus around its long axis to drive rotation of the flexed forearm and hand, including five, large digits plus an enlarged sesamoid in the manus (Mitgutsch et al. 2012). Proscalopids (particularly Mesoscalops) depart from the humeral morphology of talpines and scalopines, particularly in their hyper-developed humeral epicondyles and distally placed teres tubercle (Barnosky 1981: fig. 29; Piras et al. 2015). However, despite their chrysochlorid-like skull shape, the dilambdodont proscalopid dentition has generally been interpreted to reflect lack of any close relationship with other parasagittal diggers such as palaeanodonts and chrysochlorids. Instead, proscalopids show two "lambdas" or V-shapes on each of its upper molars, with paracone and metacone forming the lingual apices of each V and an expanded stylar region extending buccally to define roughly half of the occlusal surface of each molar. Living and fossil soricids (Repenning 1969) and talpids (Schwermann & Thompson 2015) are also dilambdodont. Proscalopids have accordingly been regarded as lipotyphlans, possibly the sister group of talpids (McKenna & Bell 1997), although to date no broadly sampled, published phylogenetic study has yet fully tested this hypothesis.

	Chiroptera. The removal of Chiroptera from the "Archonta" of Gregory (1910), and their placement among laurasiatheres, were significant discoveries of the 1990s and early 2000s (Murphy et al. 2001b). Somewhat more controversial are their affinities within Laurasiatheria. The largest datasets place them one node crownward from Lipotyphla, as the sister group to the remaining, non-lipotyphlan laurasiatheres (Tarver et al. 2016: fig. S1; Esselstyn et al. 2017), a result also supported by the analysis of 36kb nucleotide analysis from Meredith et al. (2011: figs S1, S3). Alternatively, optimal trees derived from smaller datasets place them in a more nested position as sister to Euungulata (e.g., ca. 11k amino acid residues figured by Meredith et al., 2011: fig. 1, S2, S4) or adjacent to a perissodactyl-carnivoran clade (rare genomic events from these taxa, but without samples from Pholidota, analyzed by Nishihara et al. 2006: fig. 2). Regardless of how nested they are within Laurasiatheria, bats are perhaps the most conspicuous placental group which still lacks clear fossil antecedents that depart from the derived locomotor repertoire of the extant clade. Fossil cetaceans (Gingerich et al. 2001; Thewissen et al. 2007) and sirenians (Domning 2001) are known to have weight-bearing hindlimbs; many fossil sloths are non-suspensory (Slater et al. 2016); many fossil equids are small-bodied with low-crowned teeth (Mihlbachler 2011). However, a cover of Science or Nature has not yet appeared depicting a stem chiropteran that lacks powered flight. 
	Simmons et al. (2008) described Onychonycteris, a well preserved, Green River Formation (Early Eocene of Wyoming) bat they reconstructed on the stem to crown Chiroptera. Onychonycteris has elongate manual digits, a calcar to support a hindlimb patagium, a slightly keeled manubrium sterni, a gracile skeleton and craniocaudally elongate scapula, all of which indicate a capacity for powered flight (Simmons et al. 2008: fig. 1). However, unlike other Eocene bats, its petrosal is unenlarged and similar in proportions to those of non-laryngeally echolocating pteropodids. Its intermembral (100x(radius+humerus)/(femur+tibia)) and brachial (100x(humerus/radius)) indices resemble those of arboreal but non-volant species (Simmons et al. 2008:fig. 2). More controversially, Onychonycteris exhibits a narrow stylohyoid element, without the characteristic paddle-shape of its proximal end seen in extant, laryngeally echolocating bats. This was interpreted by Simmons et al. (2008) to indicate that Onychonycteris did not have the skeletal basis for laryngeal echolocation, which requires the stylohyal element to stabilize the tympanic apparatus via contact between the larynx and ectotympanic bone. Possibly, however, it did exhibit stylohyal-ectotympanic contact, which may indicate at least some capacity for laryngeal echolocation (Veselka et al. 2010). Whatever the details of its sensory capacities were, Onychonycteris differs from all extant bats in its skeleton and skull, hinting that it, in turn, evolved from another extinct population of stem-Chiroptera, one without powered flight. Whether or not such a population existed in sufficient numbers so as to leave behind a fossil record remains to be seen.

	Carnivora. Crown members of Carnivora include all descendants of the common ancestor of Feliformia and Caniformia. In addition, there is a diverse array of extinct groups on its stem, such as its immediate sister taxon Nimravidae, the paraphyletic "Miacidae", and the basal Viverravidae, all of which comprise the total group Carnivoramorpha (Wesley-Hunt & Flynn 2005; Spaulding & Flynn 2012). This topology is also supported by Solé et al. (2014), but for unclear reasons they labeled Carnivora one node stemward from the actual crown to include nimravids, a group not descended from the last common ancestor of extant carnivorans according to their phylogeny (although they are sometimes reconstructed as feliforms, as in Wesley-Hunt & Flynn 2005). Whether or not nimravids are sister to feliforms, the oldest crown carnivorans are the Late Eocene (Duchesnean NALMA; Table 4) caniforms Hesperocyon and Daphoenus, substantially younger than the Early Paleocene Protictis (Torrejonian NALMA), the oldest known carnivoramorph (Polly et al. 2006; Spaulding & Flynn 2012) with the possible exception of Ravenictis from the Puercan NALMA of Saskatchewan (Fox et al. 2010). 
	Creodonts are an extinct group of carnivorous, placental mammals with an extensive fossil record from North America, Africa, and Eurasia, ranging from the Late Paleocene (Zack 2012) through the Miocene (Barry 1980). They are historically regarded as an extinct relative of Carnivora (Matthew 1909) and usually composed of at least two groups, oxyaenids and hyaenodontids. Authors such as Cope (1875) and Gregory (1910) treated "Creodonta" as a wastebasket for a variety of other carnivore-grade fossils, including taxa such as mesonychids, arctocyonids, and "miacid" carnivorans. Over the past two decades, most authors (e.g., Polly 1996; Rose 2006a; Solé et al. 2009, 2014) have restricted Creodonta to oxyaenids and hyaenodontids, but expressed skepticism that 1) oxyaenids and hyaenodontids comprise a monophyletic clade and 2) that either group is the sister taxon of Carnivora. A carnivoran-creodont clade was recovered by O'Leary et al. (2013), who sampled all modern orders and several extinct groups, but just one creodont, Sinopa. Spaulding et al. (2009) sampled four creodont genera known from both craniodental and postcranial fossils (Hyaenodon, Patriofelis, Sinopa, Thinocyon), recovered a carnivoran-creodont clade, but among extant mammals sampled only artiodactyls, perissodactyls, carnivorans, Erinaceus, and Orycteropus. 
	Halliday et al. (2017) sampled a broad array of living and fossil mammalian taxa, including two hyaenodontids (Prolimnocyon, missing 49% of the 681 characters in their supplementary-data matrix and Pyrocyon 54%) and two oxyaenids (Dipsalidictis missing 22.7% and Tytthaena 76.5%). All but Tytthaena are coded for craniodental and postcranial characters. Halliday et al. (2017: 538) wrote that their study "consistently supported" the "close relationship between Carnivora and Creodonta" but the two phylogenetic trees figured in their main text do not support this claim. The immediate sister taxa of Carnivora in optimal trees with (Halliday et al. 2017: fig. 4) and without (Halliday et al. 2017: fig. 3) an extant constraint are mesonychians, an extinct group often associated with Cetacea (see below and Rose 2006a). Carnivorans-mesonychians are in turn the sister group of an Eoconodon-Goniacodon clade, two "triisodontine condylarth" genera arguably also affiliated with mesonychians, known from gnathic remains from the lower Paleocene of New Mexico (Kondrashov & Lucas 2006). Their unconstrained topology (Halliday et al. 2017: fig. 3) placed creodonts closer to (among other taxa) North American fossil lipotyphlans (Oreotalpa and Parapternodus), Palaeanodon and Eomanis than to any carnivoran. Similarly, their phylogeny using an extant-taxon constraint (Halliday et al. 2017: fig. 4), placed creodonts closer to pholidotes and palaeanodonts and a slightly different array of North American "condylarths" (e.g., Chriacus) and extinct "palaeoryctids" (e.g., Aaptoryctes). Their "CF" topology (for "continuous" and "fully constrained") figured in their supplementary data files (Halliday et al. 2017: fig. S4) again shows several poorly known fossils, such as "cimolestids" (Acmeodon) and lipotyphlans (Parapternodus), comprising the creodont sister group, with carnivorans the next group out. Overall, and based on Spaulding et al. (2009) and O'Leary et al. (2013), there is tentative support for a carnivoran-creodont clade, but not from the more broadly sampled study of Halliday et al. (2017). 

	Pholidota. Living pangolins comprise the Pholidota and consist of eight species known from Africa and southern Asia. The pangolin fossil record is much more geographically widespread than the extant distribution, with Eocene fossils known from North America (Patriomanis, Emry 1970; Gaudin et al. 2016), central Asia (Cryptomanis, Gaudin et al. 2006) and Europe (Eomanis). Eomanis and Eurotamandua co-occurred at Messel, Germany and are the oldest fossils typically regarded as pholidotes (Rose et al. 2005; see above concerning previous treatments of Eurotamandua as a xenarthran); Eomanis preserves clear evidence of the dermal armor characteristic of the extant species. 
	Shoshani (1986) noted that immunochemical data supported a close relationship between Pholidota and Carnivora, a finding born out by subsequent analyses of molecular data (e.g., Murphy et al. 2001b; Tarver et al. 2016). Anatomical features such as an ossified tentorium cerebelli and occasional fusion of scaphoid and lunate carpal bones have led some morphologists to consider the two groups as possible close relatives (Rose & Emry 1993). McKenna & Bell (1997:211) designated Ferae as the clade encompassing pholidotes and carnivorans, along with a number of extinct taxa such as creodonts, epoicotheres, metacheiromyids, and various "cimolestid"-grade fossils. Other studies (Amrine-Madsen et al. 2003; O'Leary et al. 2013 supplementary data p. 50) have favored the name Ostentoria for the living pholidote-carnivoran clade; the two terms are mutually compatible as stem (Ferae, encompassing all mammals closer to carnivorans and pholidotes than other extant clades) and crown (Ostentoria, encompassing all descendants of the last common ancestor of Carnivora and Pholidota) designations, even though the former term appeared first in the literature. 
	Epoicotheres and metacheiromyids, collectively known as palaeanodonts and best known from the Late Paleocene and Eocene of North America and Eurasia, have frequently been regarded as closely related to Pholidota (Emry 1970; Rose 2006a). Many of these species show at least some characters associated with a fossoriality and/or myrmecophagy, including reduction or loss of teeth and powerful forelimbs for digging. These features are also seen among endemic South American myrmecophages, but other similarities are not. A close pholidote-palaeanodont evolutionary relationship has been inferred based on comparisons between the skeletons of Eocene metacheiromyid (Palaeanodon) and pholidotes (Patriomanis and Eomanis). O'Leary et al. (2013: fig. 1) recovered Metacheiromys as the sister taxon of the extant pholidote Manis, a clade which in turn comprised the sister taxon to a creodonts and Carnivora. As discussed by Emry (1970) and Rose et al. (2005), similarities between pholidotes and at least some palaeanodonts include (but are not limited to) a medially buttressed dentary, the loosely attached and C-shaped premaxilla, and an elevated and elongate scapular spine. Notably, while pholidotes do exhibit derived "enrolled" zygopophyses on their lumbar vertebrae (Rose et al. 2005), no palaeanodont or pholidote exhibits the multiple synovial articulations between adjacent zygopophyses (i.e., anatomical xenarthry) on the vertebrae evident in cingulates, vermilinguans, and pilosans. As noted above, the initial description of Eurotamandua as an anatomically xenarthrous mammal (Storch 1981) has since been disproven (Szalay & Schrenk 1998; Rose et al. 2005). 
	Among the extinct taxa classified as part of Ferae by McKenna & Bell (1997), pantolestans are among the most anatomically well-known but nonetheless enigmatic, with near-complete skulls and skeletons from Eocene sites in Germany (Buxolestes, Kopidodon) and Wyoming (Pantolestes, Palaeosinopa). More fragmentary cranial remains are known from the Early Paleocene in North America (Rose 2006a) and Africa, such as Todralestes and ptolemaiids (Gheerbrant 1991; Rose 2006a). Based on a rostrum of Kelba, an Early Miocene ptolemaiid from Kenya, Cote et al. (2007) suggested that ptolemaiids had a closer relationship to endemic African mammals than other groups such as pantolestids. Similarly, Seiffert et al. (2007) suggested that the North African, Paleocene Todralestes, also historically associated with pantolestids (Gheerbrant 1991), may be better understood as an afrotherian near the radiation of tenrecids and chrysochlorids.
	Relatively complete pantolestid specimens show hallmarks of semiaquatic and fossorial habits (which are not mutually exclusive), including robust fore- and hind-limbs that are relatively short, and a long and muscular tail (Rose & Von Koenigswald 2005; Rose 2006a). Boyer & Georgi (2007) interpreted the vestibular anatomy of the inner ear of the Bridger Basin, Wyoming species Pantolestes longicaudus as consistent with a semiaquatic habitat. However, like Buxolestes (Pfretzschner 1993), Pantolestes had a relatively small infraorbital canal (Boyer & Georgi 2007: 264). Therefore, in contrast to most semiaquatic, small mammals (Sánchez-Villagra & Asher 2002; Crumpton & Thompson 2013), it would presumably have been less well endowed in terms of its capacity for tactile sensation via facial vibrissae. Pantolestes also exhibited a relatively small optic/infraorbital canal ratio, even smaller than those of Erinaceus and Solenodon (Boyer & Georgi 2007: 267), suggestive of simple visual acuity. A cochlea with "two full turns" (Boyer & Georgi 2007: 259) is within the range of therian mammals, similar to Eumetopias among aquatic taxa but also close to terrestrial species like Macroscelides and Lepus (Ekdale 2013: table 2) and semi-fossorial species like Orycteropus. 
	These detailed and informative investigations of pantolestid anatomy have neither contradicted nor confirmed the intuition of McKenna & Bell (1997) that pantolestids are part of a "cimolestid" grade of mammals near pholidotes and carnivorans in Ferae. In terms of taxon sampling, Halliday et al. (2017) is again the most comprehensive so far, including multiple pantolestid taxa along with representatives of major extant clades, including the Eocene Palaeosinopa and Paleocene Bessoecetor and Todralestes (the latter two known from gnathic remains only). These taxa appear in distinct clades depending on the phylogenetic assumptions used by Halliday et al. (2017). In their unconstrained tree, the three genera appear paraphyletically as near-relatives of "palaeoryctids", creodonts, and pholidotes. In their constrained analysis, Palaeosinopa remains close to a palaeanodont-pholidote clade, but Bessoecetor appears among plesiadapiform primates and Todralestes among "condylarth" grade euungulates. Thus, the figured topologies of Halliday et al. (2017: figs. 3, 4) place the anatomically well-known Palaeosinopa close to pholidotes, but they do not support pantolestid monophyly, nor do they support Ferae as classified by McKenna & Bell (1997) due to placement by Halliday et al. of mesonychians (among other groups) as carnivoran sister taxa (as summarized above). 

	Perissodactyla. As noted above, the largest, genomic studies of mammalian phylogenetics support Euungulata, consisting of perissodactyls and artiodactyls (including Cetacea). Modern perissodactyls are relatively species-poor compared to those from the Paleogene and Neogene. Equus contains eight species (Wilson & Reeder 2005) which comprise the only extant hippomorph perissodactyls. The other high-level extant group is Tapiromorpha, consisting of five or six species in four genera of rhinocerotids and four species in Tapirus. The single old-world species, the Malayan tapir, is often assigned to the genus Acrocodia; a fifth tapir species, T. kabomani, is contentious and may actually represent populations of T. terrestris (Voss et al. 2014). The abundant fossil record of perissodactyls is of interest not only because of its considerable diversity, but also due to theories of Earth climate history and (mis)understandings of evolutionary theory in which it has played an important role.

	Perissodactyls and evolutionary theory. The perissodactyl record has provided grist for speculative, non- or quasi-evolutionary theories, such as "orthogenesis" and "aristogenesis" of Osborn (e.g., 1922, 1934). Detached from an appreciation of intraspecific morphological variation, the abundance of perissodactyl fossils also enabled Osborn to taxonomically over-split certain groups into numerous lineages based on what he perceived as rates of evolutionary change and the surprisingly blurry line between "absent" and "rudimentary" anatomical structures (see discussion in Mihlbachler 2008: 10-11). A favorite simplification of evolution is the depiction of small-bodied, dentally low-crowned, many-toed, Eocene equids ineluctably and gradually turning into large, dentally hypsodont, single-toed, modern Equus. A good fossil record is susceptible to selective interpretation, and this enabled Osborn and subsequent text-book authors (e.g., Hegner & Stiles 1951) to choose from a variety of fossil forms to match pre-existing ideas of how morphological evolution might have been "predestined" or "predisposed"had a "predisposition" (Osborn 1934) towards a certain size and shape, millions of years before such sizes and shapes are actually evident in perissodactyl morphology. Matthew's (1926) detailed account of perissodactyl evolution does not endorse Osborn's putative mechanisms, but still describes extinct perissodactyls as "stages leading to" modern groups. Nonetheless, paleontologists (probably including Matthew) have long realized that perissodactyl evolution was not "aristogenetic", and at the same time appreciated the clearly mosaic nature of many aspects of equid evolution (Froehlich 2002), such as the appearance of spring ligaments and loss of lateral digits in Miocene and Pliocene genera (Simpson 1953: 259-265). 

	Perissodactyls as indicators of climate. The dense record of perissodactyl (and particularly equid) teeth shows important correlations with historical temperatures and patterns of vegetation, particularly in the northern hemisphere (MacFadden 2005; Mihlbachler et al. 2011; Secord et al. 2012). Such correlations are associated with an idea developed over the past several decades concerning the relationship between tooth crown height and global climate change during the middle- to Late-Miocene. A number of mammalian groups, including but not limited to equids, exhibit high-crowned (or hypsodont) teeth as an adaptation for highly abrasive diets, including grasses and grit-covered vegetation. As an indicator of paleo-temperature, the standardized ratio of heavy (18O) to light (16O) oxygen isotopes since the Early Eocene thermal maximum shows a decreasing trend until the Oligocene, followed by a long period of fluctuations around a relatively more stable mean, with another decreasing trend beginning in the Early Miocene (Zachos et al. 2008: fig. 2b). Following Mihlbachler et al. (2011: fig. 1a), this record suggests two large-scale trends of global cooling: one between the Early Eocene until Early Oligocene (ca. 50-32Ma) and another from the middle Miocene to the Late Pleistocene (ca. 14-0.01Ma). Many fossil equids during the Neogene exhibit low- to moderate dental crown height and mesowear indicative of frugivory or browsing on leaves, as opposed to the more high-crowned teeth typical of grazers (i.e., grass-eaters). Global cooling in the Miocene slightly post-dated the spread of grasslands, and equid lineages that persisted after the Miocene exhibited high-crowned teeth. Grasses contain silica phytoliths, and were therefore thought to require a particularly abrasion-resistant dentition from those herbivores that specialize on them (MacFadden 2000, 2005). Hence, modern species of Equus have been interpreted as the grazing-adapted descendants of more frugivorous or leaf-eating perissodactyls, diets retained by their forest-, savannah- and mixed canopy-dwelling tapiromorph relatives. 
	Further analysis and discovery have enabled a more nuanced understanding of the relationship between mammal tooth crown height and global climate change. First, the appearance of grasslands in northern continents pre-dated the evolution of the most hypsodont equids by several million years (Edwards et al. 2010; Mihlbachler et al. 2011). In South America, the correlation is also offset, but in the opposite direction. Dentally high-crowned South American ungulates (i.e., certain species of notoungulates) are evident over 30Ma ago amidst ecosystems dominated by forests and relatively less-open habitats, several million years prior to even modest contributions of grasslands to South American paleoenvironments (Strömberg et al. 2013). These studies do not contradict the links between ecosystem change, dental crown height, and dietary abrasion, but in addition to grasses suggest another, more general source for that abrasion: grit (Janis 1988; Damuth & Janis 2011; Madden 2014). Any kind of foodstuff dusted in an abrasive substance (e.g., volcanic ash) would lead to selective pressures favoring increased crown height and the appropriate crown morphology to resist wear. In the case of South America, Andean orogenetic (i.e., mountain building) activity, which would have regularly dispersed large amounts of volcanic ash across environments throughout the Patagonian Paleoegene, has a better correlation with appearances of high-crowned ungulates than the spread of grasslands (Strömberg et al. 2013).

	Perissodactyl fossil diversity. Besides its important role in the history of paleontology and in understanding past global environments, the perissodactyl fossil record (like that of other high-level taxa) demonstrates a wide variety of now-extinct, morphologically diverse species. All of them are inferred to be herbivorous, but range widely in body size from the diminutive, Early Eocene, "tapiroid" Fouchia, with a lower toothrow no bigger than that of a hedgehog (Emry 1989), to probably the largest land-mammal yet known, the rhinocerotoid indricothere Paraceratherium. This taxon is known from the latest Eocene and Oligocene of Asia and may have attained two- to three-times the body weight of a large male African elephant. Such massive animals were graviportal; other large tapiromorphs included chalicotheres, known primarily from Eocene to Pleistocene deposits in Eurasia, North America, and Africa. Chalicotheres are known for their derived forelimb anatomy, s. They ubstituting substituted claws for hooves and depending depended on their hindlimbs to browse, and in the case of chalicotheriines, utilizeding a "knuckle-walking" locomotor style. 
	Otherwise, adaptations for cursorial locomotion frequently occur among fossil perissodactyls, such as a deep astragalar trochlea, reduced rotatory capacity of the distal limbs, and relatively small distal epicondyles of the humerus. Fossil perissodactyls show a distinctive ankle morphology, likely related to some degree of cursoriality but different to the cursorial ankle joints of other mammalian groups (e.g., terrestrial artiodactyls). Rose et al. (2014) described cranial and skeletal remains of Cambaytherium from the Early Eocene of Gujarat, India, which in their phylogenetic analysis was reconstructed with other cambaytheres near the basal-most branch of Perissodactyla, outside of the crown clade uniting tapiromorphs and hippomorphs. The astragalus of Cambaytherium shares with all extant perissodactyls not only a deep trochlea but also a "saddle" shape of the distal astragalus, primarily for articulation with the navicular. Cooper et al. (2014) presented another phylogenetic analysis which confirms the stem-perissodactyl affinities of cambaytheres, as well as a close relationship between perissodactyls and another Paleogene group, anthracobunids (mentioned above in the section on paenungulate afrotheres). The two phylogenetic analyses show considerable overlap, but differ in placing anthracobunids either within crown Perissodactyla as sister taxa to hippomorphs (Rose et al. 2014, a result which they regard as not well supported and probably inferior to an anthracobunid-cambaythere clade) or on the stem leading to Perissodactyla (Cooper et al. 2014). 
	Palaeotheres are well known from cranial and skeletal remains from the Paleogene of Europe. Following Froehlich (2002), Hooker & Dashzeveg (2004) and Rose et al. (2014), they are nested among modern equids and thus comprise part of Hippomorpha. Hooker (1994) and Froehlich (2002) clarified the taxonomic status of the name Hyracotherium, coined by Owen (1841) for H. leporinum based on a partial skull from the London Clay (Eocene). Froehlich (2002) identified this taxon as related to other European palaeotheres and used a variety of other genus-level names (e.g., Sifrippus, Eohippus, Proterohippus) for North American, Early Eocene specimens formerly referred to Hyracotherium. 
	Brontotheres (equivalent to Osborn's "titanotheres") are well known anatomically (Mihlbachler 2008), primarily from localities in North America plus some Eurasian material. According to Rose et al. (2014), brontotheres are more closely related to rhinos and tapirs than to equids, and thus are part of the crown radiation of Perissodactyla. Early forms such as Eotitanops were hornless and slightly exceeded 100kg in body size, but later brontotheres grew to the size of rhinos or even elephants and carried bony horns at the front of their heads, in contrast to the keratinous "horns" of rhinos (Mihlbachler 2008). Brontotheres did not evolve as high-crowned teeth as equids, but they did vary in enamel thickness and some forms exhibited some degree of unilateral hypsodonty (Mihlbachler 2008: fig. 3). 
	Rose et al. (2014) sampled a variety of additional taxa previously thought to be within or closely related to Perissodactyla, including North American Eocene fossils historically attributed to Hyracotherium (see above and FroelichFroehlich 2002), Lambdotherium (used as an index fossil for the Early Eocene Lostcabinian sub-NALMA; see Table 4), holarctic Eocene "isectolophids", and the enigmatic genus Radinskya (Holbrook 2014). All except the latter appear as crown perissodactyls in the optimal phylogeny figured by Rose et al. (2014: fig. 6). Radinskya appears with "phenacodontids" on the stem leading to paenungulate afrotheres, reflecting the phylogenetic uncertainty regarding this taxon reported in Holbrook's (2014) redescription of the type and only specimen from the Paleocene of China. The taxon sample of fossil perissodactyls in Rose et al. (2014) is good; however, the support indices given in their topology (Rose et al. 2014: fig. 6) vary considerably, and most nodes show bootstrap resampling values below 50%. Even relatively high branch supports (Bremer 1994) appear alongside bootstrap values lower than other nodes with weaker branch supports, such as "18" bootstrap and "18" branch support for crown perissodactyls, compared to "11" branch support and "77" bootstrap for their node encompassing Placentalia. Nonetheless, such variation is not necessarily an indication of an inaccurate, optimal tree, and this study still comprises the most broadly sampled, phylogenetic study of living and fossil Perissodactyla.
	Another important development in our understanding of the evolutionary history of Perissodactyla is the evidence that endemic South American ungulates may be their sister group. This is based on amino-acid sequences of collagen proteins (Welker et al. 2015) from upper Pleistocene specimens Toxodon (Notoungulata) and Macrauchenia (Litopterna), as well as mitogenomic data from Macrauchenia (Westbury et al. 2017). As noted above, Carrillo & Asher (2017) noted some alternate arrangements (e.g., sister taxon to Euungulata) that are statistically indistinguishable. Similarities between one or more groups of endemic South American ungulates and perissodactyls have long been recognized; indeed, Ameghino (1889) classified litopterns as a group within perissodactyls, and Anthony (1924) first described the pyrothere Griphodon in a paper entitled "a new fossil perissodactyl from Peru" based on its tapir-like, bilophodont dentition. However, such resemblances have always been regarded as uncertain indicators of phylogenetic affinity, and the recovery of biomolecules from these Pleistocene fossils comprises a major breakthrough in understanding the evolutionary history of the groups to which they belong. 
 	Throughout the 20th century (e.g., Scott 1910; Simpson 1948), these similarities have been regarded as characters of largely adaptive significance given their shared ecology and habitat as medium- to large-bodied, herbivorous, generally cursorial mammals. More detailed resemblances include mesaxony, or the central digit of the manus and pes carrying the bulk of the animal's weight during locomotion. This may accompany loss of lateral digits on both fore- and hind-limbs, and reaches an extreme in some equids and the Miocene proterotheriid litoptern Thoatherium. While they do contain species that converge on functional monodactyly, mesaxonic equids and litopterns still exhibit distinctive limb elements. For example, the litopterns Thoatherium and Prothoatherium both lack a saddle-shaped navicular facet of the astragalus (Cifelli & Guerrero Diaz 1989: fig. 5), a feature that is present throughout Perissodactyla, including those that are not monodactyl (e.g., living tapiromorphs and the stem taxon Cambaytherium as noted above and figured in Rose et al. 2014: fig. 5). 

	Artiodactyla. The astragalus also comprises a key morphological apomorphy of the other major euungulate group: Artiodactyla (including cetaceans). All living terrestrial artiodactyls possess the "double-pulley" astragalus, meaning that there is a trochlea both proximally for articulation with the tibia and distally for articulation with the navicular and cuboid. In addition, the calcaneus shows a broad facet to articulate with the lateral surface of the astragalus with a dorsal facet that articulates with the fibula. Variations in hindlimb morphology include their complete loss in extant cetaceans (although rudiments may be present), loss of digits II and V in camelids and some ruminants, unfused metapodials III and IV in suiformes, and fusion of the navicular and cuboid in ruminants. Otherwise, ankle morphology of living and fossil artiodactyls is highly distinctive and documents their existence since the Eocene (Rose 1982). A similarly conservative but less well-known hard-tissue character, also widespread among living and extinct artiodactyls (but not cetaceans), is the tri-lobed, ultimate, deciduous lower premolar (Luckett & Hong 1998).
	No extant cetacean has a functional hindlimb, but some fossil cetaceans did. North African remains of the Oligocene stem cetacean (or "archaeocete") Basilosaurus show a diminutive structure that did not bear any substantial weight or have a propulsory function in this aquatic mammal, but may have served as a copulatory organ in males. Whatever its function, the astragalus is fused into an ossified mass with other ankle elements and lacks typical joint surfaces. Although its astragalus is vestigial, Basilosaurus exhibited hindlimbs with anatomical paraxony; i.e., digits III and IV comprised the largest digital rays as in terrestrial artiodactyls (Gingerich et al. 1990). Further (and more dramatic) evidence for the morphology of "archaeocete" hindlimb anatomy came with the description of associated cranioskeletal fossils of Artiocetus clavis and Rodhocetus balochistanensis from the Eocene (middle Lutetian, ca. 47Ma ago) of Pakistan, showing that stem cetaceans exhibited hindlimb paraxony (although the forefoot of Rodhocetus is mesaxonic), a double-pulley astragalus, and a flange of the calcaneus that articulates with the lateral surface of the astragalus and the fibula via a dorsal facet (Gingerich et al. 2001). Based on relative abundance, Thewissen et al. (2001) argued that isolated ankle remains of pakicetid "archaeocetes" also exhibited typically artiodactyl morphology.
	These discoveries were of particular significance given the then-new evidence from comparisons of DNA (e.g., Gatesy et al. 1996) that living cetaceans were more closely related to hippopotamids than the latter were to other terrestrial artiodactyls. Dental similarities between stem cetaceans and an extinct clade of carnivorous mammals, mesonychians, had long been regarded as evidence for a close evolutionary relationship (VanValen 1966: 90-93). While functional ankle elements for "archaeocetes" were unpublished until the early 2000s, the skeletal anatomy of mesonychians was reasonably well-documented (e.g., Szalay & Gould 1966), with no indication of a double-pulley, artiodactyl-like ankle, although mesonychids do exhibit slightly concave navicular and narrow cuboid facets (Rose 2001). Hence, although a close evolutionary relationship between cetaceans and artiodactyls already had precedent (e.g., Novacek 1992), the idea that cetaceans nested within artiodactyls did not, in part because of the homoplasy implied for such conservative character suites as the unique ankle morphology of terrestrial artiodactyls (Luckett & Hong 1998). The discovery that stem cetaceans exhibited clear, derived features in common with terrestrial artiodactyls such as hippos, but not mesonychians, represented compelling evidence that cetaceans and terrestrial artiodactyls shared common ancestry to the exclusion of any other mammalian group. Subsequent analyses of extant species, including the genomic studies behind the now well-corroborated tree (Fig. 1), have shown the hippopotamid-cetacean clade, nested within Artiodactyla, to be among the most consistently and strongly supported high-level clades among mammals. 
	The affinities of mesonychians remain less clear. They are historically defined as containing at least two clades from the Paleocene and Eocene of North American and Asia: mesonychids and hapalodectids. A third group, triisodontids, remains poorly known postcranially and is restricted to North America (with the possible exception of the very enigmatic, and large, Andrewsarchus from the middle Eocene of central Asia; see Rose 2006a: 274). As noted above, Halliday et al. (2017: figs. 3, 4) recover mesonychians as the sister taxon of Carnivora. Spaulding et al. (2009) and O'Leary et al. (2013) both recover their sampled mesonychians as sister to euungulates, although Spaulding et al. (2009: fig. 3) note that topologies two steps longer than their optimal result are compatible with mesonychians nested within artiodactyls, as sister taxon to cetaceans to the exclusion of hippopotamids. 
	Mesonychians first appear in the Paleocene; terrestrial artiodactyls and "archaeocete" whales first appear in the Early Eocene. Hippopotamids, in contrast, were up until recently not clearly known from fossils that pre-dated the Miocene of east Africa (Rose 2006a). A sister taxon relationship of hippopotamids and cetaceans thus implies a ghost lineage in which some kind of hippopotamid lineage must have existed alongside their cetacean sister taxon, given their common ancestor which had to pre-date the first appearance of cetaceans over 50Ma ago. Boisserie et al. (2005), Orliac et al. (2010) and Lihoreau et al. (2015) have partly closed this gap by making the case that hippopotamids evolved from within a group known primarily from craniodental remains from the African and South Asian Paleogene: "anthracotheres" (not to be confused with anthracobunids, discussed above in the section on perissodactyls). 
	The phylogeny of Orliac et al. (2010) reconstructs the Miocene "anthracotheres" Libycosaurus and Merycopotamus in a clade that in turn comprises the sister taxon of extant Hippopotamus, Choeropsis, and other, Miocene stem hippopotamids. Other anthracothere-grade taxa, in particular "bothriodontines" such as Bothriogenys are known from older deposits throughout the Oligocene and extending into the Late Eocene. Lihoreau et al. (2015) recover an even closer phylogenetic relationship between Bothriogenys and modern hippopotamids, including the basal Oligocene taxon B. orientalis from Thailand. Orliac et al. (2010) and Lihoreau et al. (2015) both hypothesize yet older "anthracotheres" such as the Late Eocene genera Siamotherium from Thailand and Elomeryx from Europe as additional, stem-relatives of the hippopotamid clade. How robust these phylogenetic hypotheses will be to further analysis and discovery remains to be seen. Branch supports were close to "1" for many of the nodes in Lihoreau et al. (2015: fig. 2), and their optimal topology also shows an unusual placement of suiformes closer to hippopotamids than Indohyus, a skeletally well-known Eocene raoellid artiodactyl from Pakistan, hypothesized by Geisler & Theodor (2009) and Spaulding et al. (2009) to be the sister taxon of Cetacea to the exclusion of suiforms and other terrestrial artiodactyls.

	"Condylarths". Many of the extinct groups outlined in the preceding pages exhibit one or more key characters that, in the context of a phylogenetic analysis and in tandem with other evidence, are sufficiently diagnostic to enable confident estimates of their phylogenetic affinities. For example, stem cetaceans have hindlimb paraxony and a double-pulley astragalus (e.g., Artiocetus; Gingerich et al. 2001); stem perissodactyls have a saddle-shaped navicular facet on the astragalus (e.g., Cambaytherium; Rose et al. 2014); stem pholidotes have a medial buttress on their dentary (e.g., palaeanodonts; Rose 2006a); stem primates have a petrosal auditory bulla (e.g., Carpolestes; Bloch et al. 2007); stem proboscideans have an anteriorly situated orbit and vertically oriented coronoid process of the dentary (e.g., Phosphatherium; Gheerbrant et al. 2002). On the other hand, there are at least as many anatomically well-known, extinct groups that lack clearly diagnostic features linking them to extant species, and despite ample anatomical data and decades of study, their phylogenetic affinities remain ambiguous. These include some of the most common genera known from Paleogene sites in the North American interior, including ungulate-grade "condylarths" such as Hyopsodus and Phenacodus, each of which is known by many thousands of individual jaws and teeth. Associated cranioskeletal fossils are much rarer, but are known for several "condylarth" genera (Gazin 1965, 1968; Rose 1990; Williamson & Lucas 1992; Bergqvist 2008; Kondrashov & Lucas 2012). 
	"Condylarthra" is a wastebasket taxon, historically treated as a grade from which extant, ungulate-grade taxa evolved. Simpson's (1945) view of "condylarths" was influential; he included in the group four primarily North American, Paleocene and Eocene groups: phenacodontids, hyopsodontids, meniscotheriids, and periptychids, along with one South American group, didolodontids. Gregory's (1910: 466) version of "Condylarthra" included only phenacodontids and meniscotheriids; he figured (1910: figs. 31, 32) these taxa as paraphyletically ancestral to perissodactyls and South American litopterns, respectively, and discussed hyopsodontids (Gregory 1910: 360) as potentially relevant to the other great wastebaket group, "insectivores". McKenna & Bell's (1997) version of "Condylarthra" was close to that of Simpson (1945), but varied the content of the constituent high-level groups, such as placing meniscotheriines within Phenacodontidae and recognizing the more cosmopolitan distributions of certain groups (e.g., louisine hyopsodontids in Africa, Eurasia, and North America) afforded by many discoveries in the decades following Simpson (1945).
	"Condylarths" are usually discussed in terms of their potential as primitive lineages that may have given rise to one or another modern group. However, such taxa are of course derived in their own right. Hyopsodus is smaller than Phenacodus and Meniscotherium, and is hypothesized to have been a short-limbed mammal adept at burrowing. This may be one of the reasons why mandibles of this genus are so common in the fossil record (although it is not clear why associated skeletal fossils of Hyopsodus are extremely rare). Orliac et al. (2012) estimated its body size to be ca. 326-412g; they furthermore proposed that cranial endocasts of Hyopsodus exhibited a high encephalization quotient and a well-developed inferior colliculus in the midbrain, a feature associated with a well-developed auditory sensitivity and possibly associated with echolocation and/or heightened dependence on acoustic cues in their presumed subterranean environment. Ravel & Orliac (2014) noted that the inner ear of Hyopsodus lacks the autapomorphies for laryngeal echolocation seen in non-pteropodid chiropterans; its cochlear morphology suggests sensitivity to ultrasound (up to 76KHz), but they cautiously note that ultrasound sensitivity is not a necessary correlate of echolocation. 
	Phenacodus and Meniscotherium are both substantially larger than Hyopsodus. Body masses are between 5-17kg in M. chamensei (Williamson & Lucas 1992), 10-39 kg for Phenacodus intermedius and 22-87 kg for P. trilobatus (Thewissen 1990). Both of these larger "condylarths" had pentadactyl limbs and exhibited at least some postcranial adaptations for cursoriality, such as a digitigrade stance, an open olecranon fossa (i.e., supracondylar or supratrochlear foramen) in the distal humerus, and some dorsoventral flattening of their terminal digits. Williamson and Lucas (1992: 32) argued that Meniscotherium may have had primate-like nails but not hooves or claws. In other regards, Meniscotherium might have been somewhat more cursorial than Phenacodus; it shows an enlarged digit III in both manus and pes, consistent with mesaxony (Williamson & Lucas 1992: figs. 20, 26). Williamson & Lucas (1992) also noted the absence of a clavicle in otherwise well-preserved specimens, indicating that (like extant cursorial mammals), Meniscotherium lacked this element in life. In contrast, Phenacodus retained a clavicle (Thewissen 1990). Phenacodus also exhibited bunodont cheek teeth; its upper molariforms consist of four major cusps, separated by conules, each of which reaches a distinct apex without forming a major crest in unworn specimens (Thewissen 1990: fig. 39). Meniscotherium, in contrast, exhibited more selenodont cheek teeth; i.e., each cusp formed the apex of a "V" shape joining two crests that extend buccally (Williamson & Lucas 1992: fig. 43). 
	As previously noted, Phenacodus exhibited larger body sizes than Meniscotherium. However, Dirks et al. (2009) noted that for its body size, Meniscotherium had a relatively larger brain (i.e., a higher encephalization quotient). They also observed differences in rates of tooth formation that, along with brain morphology, may shed light on differences in life history in the two genera. Based on the density of cross-striations and striae of Retzius evident in mammalian tooth enamel, Dirks et al. (2009) found that molars of Meniscotherium took longer to form than those of Phenacodus; they estimated times of under one year in the latter, and at or slightly over one year in the former. Given correlations between time required for molar formation, brain size and life history in other mammals, Dirks et al. (2009) hypothesized that despite its smaller body size, Meniscotherium would have required more time to develop to maturity compared to Phenacodus.
	Several phylogenetic studies of the last two decades have sampled one or more of these skeletally well known Paleocene and Early Eocene taxa such as Ectocion, Hyopsodus, Meniscotherium, Phenacodus, and Tetraclaenodon, as well as accounted for the well-corroborated relationships among extant lineages, either in the form of phylogenetic scaffolds or by directly incorporating molecular data. Optimal trees derived from some of these studies suggest affinities of Hyopsodus, Phenacodus, and/or Meniscotherium with paenungulate afrotherians (Asher et al. 2003; Asher 2007; Rose et al. 2014) and of louisine "condylarths" near macroscelidid afrotherians (Zack et al. 2005). Other recent studies (LadèvezeLadevèze et al. 2010; O'Leary et al. 2013; Cooper et al. 2014; Halliday et al. 2017: fig. 4; Carrillo & Asher 2017) favor one or more of these "condylarths" near extant euungulates, i.e., artiodactyls and perissodactyls. O'Leary et al. (2013: fig. 1) placed Apheliscus, Didolodus, Hyopsodus, and Phenacodus along with the endemic South American Protolipterna together in a clade that comprises the sister group of Euungulata, not unlike the Panameriungulata of Muizon & Cifelli (2000). Cooper et al. (2014: fig. 3) placed Meniscotherium and Phenacodus along with the European louisines Paschatherium and Teilhardimys on the stem leading to Perissodactyla. In their analysis constrained with an extant-taxon scaffold, Halliday et al. (2017: fig. 4) show a subset of "condylarths" as stem perissodactyls (e.g., Ectocion, Tetraclaenodon) and another as stem artiodactyls (Hyopsodus, Meniscotherium, Phenacodus). 
	These (often contradictory) results are frustrating given the relative completeness of several of these fossil mammals, and reflect the very real possibility that the requisite, historical information that might have contributed to a well-resolved species tree has been erased by taphonomy and/or convergent morphological evolution. On the other hand, the most recent phylogenetic work cited above slightly favors the view that at least some "condylarths" are euungulates, and argues against certain possibilities, e.g., the view of Gregory (1910) that hyopsodontids are related to "insectivores" (by which he meant lipotyphlans, tenrecoids, and possibly scandentians and/or macroscelideans). As articulated by Rose et al. (2014), "condylarth" taxa such as Phenacodus exhibit a wealth of primitive characteristics relative to euungulate laurasiatheres (i.e., artiodactyls and perissodactyls) and paenungulate afrotherians.

	Pantodonta. Among the other "condylarth"-grade mammals that are amply represented by cranioskeletal remains, particularly from the Paleocene and Early Eocene of North America and Eurasia, are pantodonts. Simpson (1945) argued tentatively that pantodonts belonged with proboscideans, sirenians, and hyracoids in Paenungulata, reflecting Cope's (1891) classification which joined pantodonts with other large-bodied "ungulates" such as uintatheres and periptychids as part of "Amblypoda". Coryphodon is particularly common in the Early Eocene of the North American West, and is known not only from adult material, but also associated skeletons of juveniles (Lucas & Schoch 1990; McGee & Turnbull 2010). Thus, some aspects of its developmental anatomy, including sequences of dental eruption and sutural fusion and relative body proportions during growth, are at least partly known. For example, the eruption sequence of Coryphodon exhibits three antemolars (I1, I2 and C) that erupt after M2 and two (I2 and C) that erupt simultaneously with M3. This contrasts with (for example) the pattern seen in many ruminants, in which M3 erupts prior to most or all antemolars (Smith 2000), and resembles the eruption pattern seen in many non-ruminant artiodactyls, some perissodactyls, and fossil hyracoids. The late eruption of M3 also occurs in extant hyracoids, but Coryphodon differs in that its premolars erupt after M2 in posterior-to-anterior sequence (M2-P4-P3-P2), whereas in Procavia the anterior premolars erupt before M2 and P4, and premolars erupt in an anterior-to-posterior sequence (Asher et al. 2017). Following Schultz (1960) and Smith (2000), McGee & Turnbull (2010) interpret the eruption data for Coryphodon to indicate a prolonged period of development and "slow" growth; they also note potential similarities to the life history of extant hippos, tapirs, and the sumatran rhino. 
	Pantodonts are also uniquely well represented in the Tiupampan SALMA (Early Paleocene; Table 4) of South America, thanks to the locality of Tiupampa in Bolivia. Muizon et al. (2015) described an assemblage with multiple, complete skulls and associated skeletons of Alcidedorbignya inopinata. These specimens are extremely well preserved, including specimens with in-situ clavicles, sternebrae, patellae, and distal caudal vertebrae. There are several juvenile skeletons and even one fetal specimen interpreted by Muizon et al. (2015) to likely to have been in utero at the time of preservation, found in the pelvic-abdominal region of an adult skeleton inferred to be female based on sexually dimorphic features of the canines and zygomatic region of the skull. The presacral vertebral count is C7, T13, and L9; with nine lumbars, Alcidedorbignya has one of the longest lumbar regions of any mammal. Its 22 thoracolumbar vertebrae exceed the values typical for most placental mammals except for perissodactyls, Choloepus, and most afrotherians (Asher et al. 2011). Alcidedorbignya is very small for a pantodont, with a skull not much longer than 6cm and thus similar in size to a hedgehog or squirrel. Its skeleton indicates a terrestrial habitat with some arboreal capacity as well. 
	The phylogenetic analysis of Muizon et al. (2015), taking into account the result of Welker et al. (2015) that South American litopterns and notoungulates are stem perissodactyls, supports Alcidedorbignya and other pantodonts within Laurasiatheria, closer to euungulates than endemic African paenungulates. They figure two of their 11 optimal topologies (Muizon et al. 2015: figs. 121, 122) generated with a scaffold from Welker et al. (2015), rather than a consensus across all eleven, understandably emphasizing that their results may vary considerably with changes in taxon or character sampling. They also made their phylogenetic data available online and thus easily amenable to further scrutiny, in this case using PAUP (4.0a build 156, Swofford 2002). Fig. 9A shows a reanalysis of their data (which did not include extant perissodactyls), applying a similar scaffold as in Muizon et al., assuming a pruned version of the topology of the well-corroborated tree (Fig. 1) as well as the results of Welker et al. (2015) who regarded notoungulates and litopterns as stem perissodactyls. 
	This reanalysis recovers two optimal trees of 3840 steps, the consensus of which (Fig. 9A) is slightly different than the two constrained most parsimonious trees (MPTs) figured in Muizon et al. (2015: figs 121, 122), but nonetheless compatible with their major results. In particular, Alcidedorbignya is recovered within Laurasiatheria alongside other pantodonts, tillodonts, Didelphodus, and arctocyonids, with Protungulatum and Carnivora as successively adjacent sister taxa (node "CP" in Fig. 9A). Carodnia is reconstructed with the other endemic South American pyrotheres and astrapotheres within Euungulata, also including Hyopsodus, Meniscotherium, and Phenacodus, all of which collectively comprise the sister clade of Artiodactyla. As in Muizon et al. (2015), I find that the endemic South American xenungulate Carodnia changes its position substantially with the topological constraint from Fig. 9B. Without any constraint, it appears within pantodonts as sister to Coryphodon (Muizon et al. 2015: fig. 120), not (as noted above) with Pyrotherium and notoungulates. 
	The optimal topology from the reanalysis of their data differs slightly from their figured results in placing Carnivora as the nearest laurasiatherian clade to the pantodont, tillodont, Didelphodus, and arctocyonid clade (node "CP" in Fig. 9A). It also differs in placing Leptictis among afrotheres, not among non-placental eutherians as in Muizon et al. (2015: figs. 121, 122). Overall, and with a few exceptions (e.g., highly variable placement of Carodnia in Carrillo & Asher 2017), these results fit the recent trend among phylogenetic analyses of Mammalia that place Paleocene and Eocene radiations of ungulate-grade placental mammals (such as pantodonts, "condylarths", and endemic South American meridiungulates) close to or within Laurasiatheria, rather than with Afrotheria or Xenarthra (Figs. 8, 9). 
Timing of Mammalian Diversifications
	Up until the 1960s, inferences of the origination and diversification dates of extant clades were entirely dependent on the fossil record, and fossils still comprise our best source of direct information of the origination and rate of life's diversification. Beginning with studies such as Zuckerkandl & Pauling (1965), biologists began to appreciate how sequences of amino-acid residues (and later nucleotides) diverged among extant species, and how this could provide insight into life's remote history in geological time. Calibrated with a divergence point for two species with (ideally) good fossil records, divergences for additional species lacking fossil data could be inferred based on the rate of change observed in the initial, calibrated pair. 
	Kumar & Hedges (1998) were the first to apply a "molecular clock" broadly across vertebrates, using a single paleontological calibration point for the split between Sauropsida and Synapsida, i.e., the occurrence of the stem clades encompassing birds and mammals, approximately 310Ma ago in the Carboniferous of eastern Canada. For mammals, Kumar & Hedges' (1998) results reflected paleontological estimates for at least some of the more recent splits (e.g., hominins from other apes during the upper Miocene), but otherwise were considerably older than estimates based on the fossil record (Foote et al. 1999, but see Tavare et al. 2002). For example, the oldest dates for placental lineages diverging from humans shown by Kumar & Hedges (1998: fig. 3) were "Edentata" (i.e., sloths) at ca. 129 (± 18.5) Ma followed by sciurids and hystricognaths at ca. 112 (± 3.5) and 109 (± 3.2) Ma, respectively. These ages are approximately twice those of the oldest known xenarthrans and rodents from the Paleocene. 
	A number of improvements since Kumar & Hedges (1998) have made molecular clock estimates of vertebrate divergences more compelling. For example, as discussed above, the topology for Placentalia is now well corroborated and shows a bifurcation between Atlantogenata and Boreoeutheria, not basal positions of sloths or rodents. Secondly, the basis for choosing calibration points is now more explicitly linked to phylogenetic hypotheses and correlations with the global marine record (Benton et al. 2009; Parham et al. 2012), and there are now methods to apply both minimum and maximum calibrations, the latter as "soft" maxima defining a probability distribution rather than a temporal cut-off (Benton et al. 2009, 2015; Dos Reis et al. 2012). Relatedly, contemporary investigators generally appreciate that (unlike the basal amniote split in the upper Carboniferous), calibration points should be chosen when they derive from a series of localities, representing paleoecologically habitable environments in which the taxon in question could have existed but did not (Reisz & Müller 2004). In addition, the paleontological basis for assigning Mesozoic fossils to one or another crown clade (e.g., Archibald et al. 1996, 2001 aligning 85-90Ma zhelestids and zalambdalestids with "ungulates" and glires, respectively) has been heavily scrutinized and effectively disproven (Asher et al. 2005; Wible et al. 2007, 2009; Goswami et al. 2011), as discussed above. Relatedly, the affinities of key Mesozoic taxa (e.g., Juramaia as a Jurassic eutherian following Luo et al. 2011 but not Krause et al. 2014) are of course influential on resulting clock estimates, but with multiple fossil calibrations and soft-maxima (Dos Reis et al. 2012) and simultaneous analysis (or "tip dating") of both topology and divergence ages (Ronquist et al. 2016), a given study is potentially more resistant to error in placing fossils phylogenetically. 
	Finally, methods that account for rate variation across lineages and , as well as substantial increases in the size of molecular datasets to estimate mammalian divergences, have resulted in some consensus around an origin of Placentalia and Marsupialia during the Late Cretaceous, with crown orders diversifying close to or after the K-Pg boundary (Dos Reis et al. 2012; Mitchell et al. 2014; Tarver et al. 2016; Wu et al. 2017, as discussed above in the section on "afrotherian and xenarthran origins"). Some of these recent studies are also accompanied by relatively narrow margins of error; e.g., the combined dataset of Dos Reis et al. (2012: table 1) pinpointed the common ancestor of Placentalia to a mean of 89.1Ma with a 95% confidence interval between 87.9 and 90.4Ma. The mean from Wu et al. was similar at 89.8Ma (±82.7-99.5); that of Tarver et al. (2016) was higher at 92.96Ma (±86.4-99.9); that of Foley et al. (20172016) was higher still at 94.48.61Ma (confidence intervals shown graphically in their fig. 1 but not precisely reported). Compared to Kumar & Hedges (1998) who gave a mean estimate for an intra-Placentalia branching event at 129Ma, these studies all represent a substantial increase in the congruence of molecular clock estimates of mammalian divergences to the fossil record. 





	In 1910 William King Gregory knew a lot about mammalian evolution, as did George Simpson in 1945. They knew that evolutionary descent with modification was the mechanism by which organisms have become diverse over the course of geological time. They knew that via this mechanism, monotremes, marsupials, and placentals each had a common ancestor, one which had in turn evolved from a cynodont-grade synapsid amniote. Both would recognize the names now used for the majority of mammalian high-level taxa, at least from the arbitrary Linnean rank of Order and below. Both would quickly recognize any number of long-extinct fossils as members of (for example) primates, rodents, perissodactyls, cetaceans, ruminants, bats, carnivorans, armadillos, hyraxes, and marsupials. Both knew that mammals existed long before the base of the Paleogene, but greatly increased in size and diversity thereafter. Both knew that the modern global fauna, dominated by rodents, bats, and artiodactyls (with pockets of endemic diversity in places like South America, Australia and Madagascar) saw much greater taxonomic and morphological variation among perissodactyls, hyraxes, proboscideans, and other groups during and prior to the Miocene. The fact that the previous decades of research and discovery have proven Gregory and Simpson (among others) correct on these and other essential points concerning mammalian evolution is worth acknowledging. 
	On the other hand, Gregory and Simpson did not know exactly how closely primates, dermopterans, tupaiids, and glires were interrelated, for example to the exclusion of bats. Many close inter-ordinal relations, e.g., between paenungulates, tubulidentates, macroscelideans, and tenrecoids, between hippopotamids and cetaceans, or between microbiotheres and Australasian marsupials, were not generally accepted until the late 20th century. Our ability to recognize and have substantial confidence in high-level clades such as Afrotheria, Artiodactyla (including cetaceans), and Australidelphia is in large part dependent on molecular data that are rarely preserved in fossils. 
	Nonetheless, anyone interested in mammalian evolution over time has reason to be optimistic because of the currently well-corroborated hypothesis on the shape of the mammalian tree. This provides a framework into which fossils, even poorly known ones, can potentially fit and thereby inform hypotheses on divergence patterns and character evolution. The well-corroborated tree, continuing paleontological discovery, combined with novel methods for extracting data from long-extinct taxa, have already improved the precision with which we discuss enigmatic, wastebasket taxa such as "insectivores" and "condylarths". These are terms based largely on uncertainty, and are slowly being replaced by others with phylogenetic and evolutionary meaning. For example, as detailed above, many recent studies have proposed affinities of extinct anthracotheres, anthracobunids, litopterns, notoungulates, pantodonts, hyopsodontids, phenacodontids, and possibly desmostylians with one or both modern euungulate clades (i.e., Perissodactyla and Artiodactyla) within Laurasiatheria, not Afrotheria (Figs. 8, 9 and Table 3). This points toward a much higher diversity of laurasiatherian "euungulates" during the Paleogene than previously suspected. 
	Similarly, the dissociation of the extant "insectivoran" grade into Afroinsectivora (i.e., chrysochlorids, macroscelideans, and tenrecids), Euarchontoglires (i.e., dermopterans and tupaiids), and Lipotyphla (i.e., erinaceids, solenodontids, soricids, and talpids) enables correspondingly more precise discussion of their fossil relatives. The hypotheses now for our students to test are (for example) that Leptictis is eutherian, outside of crown Placentalia (Fig. 5; Table 3), and that proscalopids, Apternodus, Oligoryctes, nyctitheriids, didymoconids, "palaeoryctids" and "erinaceomorphs" such as Macrocranion are within or related to Lipotyphla (Fig. 8; Table 3). Long-enigmatic (and well preserved) fossils of apatemyids are now compellingly hypothesized to be part of Euarchontoglires (Fig. 7; Table 3). These statements comprise testable hypotheses, subject to further scrutiny not only by the kinds of morphological data that have defined paleontology for decades, but also by biological information encased in fossils and their environments that, surely, has yet to be discovered. 
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Table 3. Summary of possible phylogenetic affinities of fossil taxa mentioned in the text and depicted in Figures 5-9.

Taxon	High-level clade	affinities	alternative views
Aaptoryctes	"palaeoryctid"	?Lipotyphla (Lopatin 2006; Asher et al. 2002)	?Ferae (Halliday et al. 2017)
Abdounodus	Afrotheria	stem tubulidentate (Gheerbrant et al. 2016)	
Acmeodon	"cimolestid"	?Ferae (Lopatin 2006; Halliday et al. 2017)	
Adunator	"erinaceomorph"	lipotyphlan (Manz et al. 2015)	
Afrodon	Adapisoriculidae	stem Placentalianon-placental Eutheria (Goswami et al. 2011)	euarchontans (Hooker 2001, Smith et al. 2010)
Alcidedorbignya	Pantodonta	Laurasiatheria (Muizon et al. 2015; this study Fig. 9)	
Alphadon	Metatheria	stem Marsupialia (Wilson et al. 2016)	
Anthracobune	Anthracobunidae	Euungulata (Cooper et al. 2014; Rose et al. 2014)	
Apheliscus	Louisinae	Euungulata (O'Leary et al. 2013; Cooper et al. 2014)	stem macroscelideans (Zack et al. 2005)
Apternodus	"apternodontid"	lipotyphlan (Asher et al. 2002; Lopatin 2006)	
Archaeoryctes	Didymoconidae	lipotyphlan (Lopatin 2006)	
Arsinoitherium	Embrithopoda	paenungulate (Cooper et al. 2014)	
Artiocetus	Cetacea	stem cetacean (Gingerinch et al. 2001; Geisler & Theodor 2009)	
Asiatherium	Metatheria	stem marsupial (Beck 2012)	
Asioryctes	Asioryctitheria	stem placentalnon-placental eutherian (Wible et al. 2009)	
Basilosaurus	Cetacea	stem cetacean (Gingerich et al. 1990; Geisler & Theodor 2009)	
Barunlestes	Zalambdalestidae	stem placentalnon-placental eutherian (Wible et al. 2009)	stem glires (Archibald et al. 2001)
Behemotops	Desmostylia	Euungulata (Cooper et al. 2014)	paenungulate afrotherian (Asher 2007)
Bessoecetor	Pantolestida	?Ferae (Halliday et al. 2017)	
Bothriogenys	Anthracotheriidae	stem hippomotamids (Orliac et al. 2010; Lihoreau et al. 2015)	
Buxolestes	Pantolestida	?Ferae (Rose & von Koenigswald 2005)	
Cambaytherium 	Euungulata	stem perissodactyl (Rose et al. 2014; Cooper et al. 2014)	
Carodnia	Xenungulata	Euungulata (Muizon et al. 2015; this study Fig. 9)	Afrotheria (O'Leary et al. 2013; Carrillo & Asher 2017)
Carpolestes	Plesiadapiformes	stem Primates (Bloch et al. 2007)	
Chambius	Afrotheria	stem macroscelidean (Tabuce 2017)	
Chriacus	Arctocyonidae	?Ferae (Halliday et al. 2017)	?stem artiodactyl (LadèvezeLadevèze et al. 2010)
Cornwallia	Desmostylia	Euungulata (Cooper et al. 2014)	paenungulate afrotherian (Asher 2007)
Coryphodon	Pantodonta	Laurasiatheria (Muizon et al. 2015; this study Fig. 9)	
Cryptomanis	Ferae	stem Pholidota (Rose et al. 2005)	
Cryptotopos	Nyctitheriidae	lipotyphlan (Manz et al. 2015)	euarchontans 
Daouitherium	Afrotheria	stem proboscidean (Cooper et al. 2014)	
Daphoenus	Carnivora	stem Caniformes (Spaulding & Flynn 2012)	
Deccanolestes	Adapisoriculidae	stem Placentalianon-placental Eutheria (Goswami et al. 2011)	euarchontans (Hooker 2001, Boyer et al. 2010; Smith et al. 2010)
Deltatheridium	Metatheria	stem Marsupialia (Beck 2012)	
Desmostylus	Desmostylia	Euungulata (Cooper et al. 2014)	paenungulate afrotherian (Asher 2007)
Didelphodon	Metatheria	stem Marsupialia (Wilson et al. 2016)	
Didelphodus	"cimolestid"	Ferae (Muizon et al. 2015; this study fig. 9)	
Didolodus	"Condylarthra" (didolodontid)	Euungulata (O'Leary et al. 2013; Carrillo & Asher 2017)	
Dipsalidictis	Creodonta (oxyaenid)	sister Carnivora (Spaulding & Flynn 2012)	palaeanodonts and ?lipotyphlans (Halliday et al. 2017)
Ectocion	"Condylarthra" (phenacodontid)	stem Perissodactyla (Halliday et al. 2017: fig. 4)	
Elomeryx	Anthracotheriidae	stem hippomotamids (Orliac et al. 2010; Lihoreau et al. 2015)	
Eoconodon	"Condylarthra" (triisodontine)	in "Cete" with mesonychids, hapalodectids and cetacenas (McKenna & Bell 1997)	?carnivoran sister taxon with mesonychids (Halliday et al. 2017)
Eohippus	Perissodactyla	stem equoid (FroelichFroehlich 2002)	
Eomanis	Ferae	stem Pholidota (Rose et al. 2005)	
Eoryctes	"palaeoryctid"	lipotyphlan (Manz et al. 2015)	
Eotheroides	Afrotheria	dugongid sirenian (Samonds et al. 2009)	
Eotitanops	Brontotheriidae	stem tapiromorph (Rose et al. 2014)	
Eritherium	Afrotheria	stem proboscidean (Gheerbrant 2009)	stem paenungulate (Cooper et al. 2014)
Eurotamandua	Ferae	stem Pholidota 	myrmecophagid Xenarthra (Storch & Habersetzer 1991)
Fouchia	Perissodactyla	tapiromorph (Emry 1989)	
Goniacodon	"Condylarthra" (triisodontine)	in "Cete" with mesonychids, hapalodectids and cetacenas (McKenna & Bell 1997)	?carnivoran sister taxon with mesonychids (Halliday et al. 2017)
Gomphos	Mimotonidae	stem Lagomorpha (Asher et al. 2005; O'Leary et al. 2013)	
Haplomylus	Louisinae	Euungulata (Cooper et al. 2014)	stem macroscelideans (Zack et al. 2005)
Herpetotherium	Metatheria	stem marsupial (Beck 2012)	stem paucituberculate? (Murat & Beck 2017)
Hesperocyon	Carnivora	stem Caniformes (Spaulding & Flynn 2012)	
Hyaenodon	Creodonta (hyaenodontid)	sister Carnivora (Spaulding & Flynn 2012)	
Hyopsodus	"Condylarthra" (hyopsodontid)	Euungulata (O'Leary et al. 2013)	afrotheres (Asher 2007)
Hyracotherium	Perissodactyla	stem equoid (FroelichFroehlich 2002)	
Indohyus	Artiodactyla	stem cetacean (Thesiwssen et al. 2007; Geisler & Theodor 2009)	
Kelba	Ptolemaiidae	Afrotheria (Cote et al. 2007)	viverrid Carnivora (Morales et al. 2000)
Kopidodon	Pantolestidae	"cimolestids" in Ferae, stem to carnivorans and pholidotes (McKenna & Bell 1997)	
Kulbeckia	Zalambdalestidae	stem placentalnon-placental eutherian (Wible et al. 2009)	stem glires (Archibald et al. 2001)
Labidolemur	Apatemyidae	stem Glires (Silcox et al. 2010)	
Lambdotherium	Perissodactyla	stem brontotheriid (Rose et al. 2014)	
Leptacodon	Nyctitheriidae	lipotyphlan (Manz et al. 2015)	euarchontans (Hooker 2001)
Leptictis	Eutheria	stem placentalnon-placental eutherian (Wible et al. 2009; Beck & Lee 2014)	lipotyphlan (Novacek 1986); afrothere (O'Leary et al. 2013; Muizon et al. 2015; this study Fig. 9)
Macrauchenia	Litopterna	stem Perissodactyla (Welker et al. 2015; Westbury et al. 2017)	stem Euungulata (Carrillo & Asher 2017)
Macrocranion	"amphilemurid" (?Lipotyphla)	stem lipotyphlan (Manz et al. 2015)	
Mayulestes	Metatheria	stem marsupial (Muizon et al. 1998)	
Meniscotherium	"Condylarthra" (phenacodontid)	Euungulata (O'Leary et al. 2013; Cooper et al. 2014)	afrotheres (Asher 2007)
Mesoscalops	Proscalopidae	lipotyphlan (McKenna & Bell 1997)	
Metacheiromys	Palaeanodonta	sister Pholidota (Emry 1970; O'Leary et al. 2013)	
Metoldobotes	Afrotheria	stem macroscelidean (Tabuce 2017)	
Microhyrax	Afrotheria	stem hyracoid (Seiffert 2007; Cooper et al. 2014)	
Mimoperadectes	Metatheria	stem Marsupialia (Maga & Beck 2017)	stem Didelphidae (Horovitz et al. 2009)
Necrolestes	Dryolestoidea	meridiolestidan (Rougier et al. 2012; O'Meara & Thompson 2014)	Metatheria (Patterson 1958; Asher et al. 2007; Ladevèze et al. 2008)
Nementchatherium	Afrotheria	stem macrosceldideans (Tabuce et al. 2007, 2017)	
Ocepeia	Afrotheria	stem afrothere (Cooper et al. 2014)	stem tubulidentate (Gheerbrant et al. 2016)
Oligoryctes	"apternodontid"	lipotyphlan (Asher et al. 2002; Lopatin 2006)	
Onychonycteris	Chiroptera	sister Yangochiroptera (O'Leary et al. 2013)	stem Chiroptera (Simmons et al. 2008
Oreotalpa	Lipotyphla	Talpidae (Lloyd & Eberle 2008)	
Palaeanodon	Palaeanodonta	sister to Pholidota (Emry 1970; O'Leary et al. 2013)	
Palaeosinopa	Pantolestida	?Ferae (Rose & von Koenigswald 2005; Halliday et al. 2017)	
Palaeoparadoxia	Desmostylia	Euungulata (Cooper et al. 2014)	paenungulate afrotherian (Asher 2007)
Pantolestes	Pantolestida	?Ferae (Rose & von Koenigswald 2005; Halliday et al. 2017)	
Paraceratherium	Perissodactyla	tapiromorphs (McKenna & Bell 1997)	
Parapternodus	"apternodontid"	Lipotyphla, ?stem soricids (Asher et al. 2002)	Lipotyphla, ?stem solenodontids (Lopatin 2006)
Paromomys	Plesiadapiformes	stem Primates (Bloch et al. 2007)	Dermoptera (Beard 1993)
Paschatherium	"Condylarthra" (louisine)	stem perissodactyl (Cooper et al. 2014)	stem macroscelidean (Zack et al. 2005)
Patriofelis	Creodonta(oxyaenid)	sister Carnivora (Spaulding et al. 2009)	
Patriomanis	Ferae	stem Pholidota (Rose et al. 2005)	
Pediomys	Metatheria	stem marsupial (Wilson et al. 2016)	
Peradectes	Metatheria	stem marsupial (Beck 2012)	stem didelphid (Horovitz et al. 2009)
Pezosiren	Afrotheria	stem sirenian (Domning 2001)	
Phenacodus	"Condylarthra" (phenacodontid)	Euungulata (O'Leary et al. 2013; Cooper et al. 2014)	afrotheres (Asher 2007)
Pholidocercus	"amphilemurid" (?Lipotyphla)	?stem erinaceoid (McKenna & Bell 1997)	
Phosphatherium	Afrotheria	stem proboscidean (Cooper et al. 2014)	
Plagioctenodon	Nyctitheriidae	lipotyphlan (Manz et al. 2015)	euarchontans
Plesiorycteropus	Afrotheria	stem tenrecid (Buckley 2013)	Tubulidentata (Patterson 1974)
Prolimnocyon	Creodonta (hyaenodontid)	sister Carnivora (Spaulding & Flynn 2012)	palaeanodonts and ?lipotyphlans (Halliday et al. 2017)
Prorastomus	Afrotheria	stem sirenian (Cooper et al. 2014)	
Proscalops	Proscalopidae	lipotyphlan (McKenna & Bell 1997)	
Proterohippus	Perissodactyla	stem equoid (FroelichFroehlich 2002)	
Prothoatherium	Litopterna	stem Perissodactyla (Welker et al. 2015)	stem Euungulata (Carrillo & Asher 2017)
Protictis	Carnivoramorph	stem carnivoran (Spaulding & Flynn 2012)	
Protolipterna	Litopterna	Euungulata (O'Leary et al. 2013; Carrillo & Asher 2017)	
Protungulatum	Eutheria	stem placentalnon-placental eutherian (Chester et al. 2015)	stem euungulate (O'Leary et al. 2013; Muizon et al. 2015)
Pucadelphys	Metatheria	stem marsupial (LadèvezeLadevèze et al. 2011)	
Purgatorius	Eutheria	Euarchontoglires (Chester et al. 2015)	stem Placentalianon-placental Eutheria (Wible et al. 2009)
Pyrocyon	Creodonta (hyaenodontid)	sister Carnivora (Spaulding & Flynn 2012)	palaeanodonts and ?lipotyphlans (Halliday et al. 2017)
Pyrotherium	Meridiungulata	Euungulate (Muizon et al. 2015; this study fig. 9)	
Radinskya	Mammalia	stem perissodactyl (Cooper et al. 2014)	
Ravenictis	Carnivoramorpha	stem carnivoran (Spaulding & Flynn 20120	
Rhombomylus	Eurymylidae	stem Lagomorpha (Asher et al. 2005; O'Leary et al. 2013)	stem Rodentia (Meng et al. 2003)
Rodhocetus	Artiodactyla	stem cetacean (Geisler & Theodor 2009; Gingerich et al. 2001)	
Seggeurius	Afrotheria	stem hyracoid (Seiffert 2007; Cooper et al. 2014)	
Siamotherium	Anthracotheriidae	stem hippomotamids (Orliac et al. 2010; Lihoreau et al. 2015)	
Sifrippus	Perissodactyla	stem equoid (FroelichFroehlich 2002)	
Sinopa	Creodonta (hyaenodontid)	sister Carnivora (O'Leary et al. 2013)	
Teilhardimys	"Condylarthra" (louisine)	stem perissodactyl (Cooper et al. 2014)	
Tetraclaenodon	"Condylarthra" (phenacodontid)	stem Perissodactyla (Halliday et al. 2017: fig. 4)	
Thalassocnus	Xenarthra (nothrotheriid)	crown Folivora (Muizon & McDonald 1995)	
Thinocyon	Creodonta (hyaenodontid)	sister Carnivora (Spaulding & Flynn 2012)	
Thoatherium	Litopterna	stem Perissodactyla (Welker et al. 2015)	stem Euungulata (Carrillo & Asher 2017)
Thomashuxleya	Notoungulata	Euungulata (Carrillo & Asher 2017: figs. 10, 12)	Afrotheria (O'Leary et al. 2013; Carrillo & Asher 2017: fig. 9)
Todralestes	?Pantolestida	?Afrotheria (Seiffert et al. 2007)	?Ferae (Halliday et al. 2017)
Toxodon	Notungulata	stem Perissodactyla (Welker et al. 2015)	stem Euungulata (Carrillo & Asher 2017)
Tytthaena	Creodonta (oxyaenid)	sister Carnivora (Spaulding & Flynn 2012)	palaeanodonts and ?lipotyphlans (Halliday et al. 2017)
Ukhaatherium	Asioryctitheria	stem placentalnon-placental eutherian (Wible et al. 2009)	
Zalambdalestes	Zalambdalestidae	stem placentalnon-placental eutherian (Asher et al. 2005)	stem glires (Archibald et al. 2001)




Table 4. Summary of Paleocene and Eocene Asian (ALMA), North American (NALMA), and South American (SALMA) Land Mammal Ages (after McKenna & Bell 1997 and Woodburne et al. 2014) and their approximate correlations to the marine and absolute chronologies (after Cohen et al. 2013). Rows do not represent precise correlations among terrestrial stages or between marine and terrestrial stages. Woodburne et al. (2014) replaced the Casamayoran with the Vacan (older) and Barrancan (younger) SALMAs. 














Figure 1. The well-corroborated tree for Mammalia based on four phylogenetic studies using large samples of data and taxa, Meredith et al. (2011), Tarver et al. (2016), Esselstyn et al. (2017), and Mitchell et al. (2014) for relationships among marsupials. Conflicts (e.g., placement of tupaiids within Euarchontoglires) are shown as polytomies. Tree at left shows representative genera within most family-level taxa sampled by Meredith et al. (2011: fig. 1); tree at right represents that of Tarver et al. (2016). Gray = monotremes, light green= marsupials, green = atlantogenatans, blue = laurasiatheres, red = euarchontoglires. Letters correspond to nomenclature listed in Table 1.

Figure 2. Cladograms derived from the classifications of Gregory (1910), Simpson (1945), Novacek (1992), and McKenna & Bell (1997) using the methodology outlined in Asher (this volume). Thick branches indicate areas of the cladogram in agreement with the well-corroborated tree (Fig. 1). Colors represent clades as depicted in Fig. 1.

Figure 3. The Y-axis shows accuracy (purple squares) and resolution (blue diamonds) of classifications and cladograms over the course of the 20th century (X-axis). Accuracy is defined as the ratio of actual to potential number of groups (Y-axis) held in common with the well-corroborated tree (Fig. 1). Data points are given in Table 2 and discussed further in Asher (this volume). 

Figure 4. Relationship between dataset size (log 10 of summed morphological and nucleotide characters multipled by the number of taxa in common with well-corroborated tree [Fig. 1]) on the X axis and accuracy (number of actual divided by potential groups in common with the well-corroborated tree). Data points are phylogenetic studies that applied quantitative methods to identify an optimal tree, either cladistic morphology (N1986 = Novacek 1986, Sh1998 = Shoshani & McKenna 1998), comparisons of protein sequences (M1986 = Miyamoto & Goodman 1986), studies of primarily mitochondrial genes (St1998 = Stanhope et al. 1998), mitochondrial genomes (Ar2002, Ar2008 = Arnason et al. 2002, 2008; K2007 = Kjer & Honeycutt 2007), concatenated DNA and morphology (As2003 = Asher et al. 2003), concatenated nuclear genes (Mu2001 = Murphy et al 2001b; Me2011 = Meredith et al. 2011), and coalescence analyses of ultraconserved elements (Mc2012 = McCormack et al. 2012) and nuclear DNA (S2012 = Song et al. 2012). Number of characters in Song et al. 2012 is based on length in bp (1,385,220) of all considered loci (447) as reported in their S1 supplementary data; number of characters in McCormack et al. 2012:752 is based on their reported use of 2386 UCE probes with a target length of 120bp each. Number of taxa for each study represents number of terminals sampled that can be directly compared with the well corroborated tree (Fig. 1), as discussed in Asher (this volume). Note that sample size on the X axis is log-transformed to enable comparison with widely variable datasets, ranging from 73 (N1986) to 1,300,000 (S2012) characters. 

Figure 5. Approximate phylogenetic tree for living and fossil metatherians and stem Placentalianon-placental Eutheria, based on Fig. 1 for the extant taxa and with fossils intuitively placed according to Asher et al. (2005), Sánchez et al. (2007), Wible et al. (2009), Goswami et al. (2011), Beck (2012), O'Leary et al. (2013), Chester et al. (2015), Muizon et al. (2015), and others as discussed in the text and Table 3. Colors are shown as in Fig. 1; fossils are black.

Figure 6. Approximate phylogenetic tree for living and fossil Afrotheria and Xenarthra, based on Fig. 1 for the extant taxa and with fossils intuitively placed according to Asher (2007), Cooper et al. (2014), Delsuc et al. (2016), Gheerbrant et al. (2014, 2016), Slater et al. (2016), and others as discussed in the text and Table 3. Colors are shown as in Fig. 1; fossils are in black.

Figure 7. Approximate phylogenetic tree for living and fossil Euarchontoglires, based on Fig. 1 for the extant taxa and with fossils intuitively placed according to Asher et al. (2005), Bloch et al. (2007), Silcox et al. (2010), Chester et al. (2015), and others as discussed in the text and Table 3. Colors are shown as in Fig. 1; fossils are in black.

Figure 8. Approximate phylogenetic tree for living and fossil Laurasiatheria, based on Fig. 1 for the extant taxa and with fossils intuitively placed according to Simmons et al. (2008), Geisler & Theodor (2009), Cooper et al. (2014), Rose et al. (2014), Lihoreau et al. (2015), Welker et al. (2015), Carrillo & Asher (2017), and others as discussed in the text and Table 3. Colors are shown as in Fig. 1; fossils are in black.

Figure 9. Reanalysis of the supplementary nexus file from Muizon et al. (2015), available at http://sciencepress.mnhn.fr/sites/default/files/fichierspublis/periodiques/geodiversitas/geo1538/alcidedorbignya_inopinata_nexus_file_data_matrix.nex
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